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SUMMARY 


This  project  focus  on  the  interactions  of  atoms  and  excited  molecules 
with  surfaces.  The  objectives  of  the  program  were  (1)  to  elucidate  the  mecha¬ 
nism  of  the  so-called  Space  Shuttle  glow  and  2)  to  conduct  a  laboratory  study 
of  oxygen  atom  recombination  and  excited  oxygen  molecule  destruction  on  metal 
surfaces. 

In  two  papers  published  on  the  Space  Shuttle  glow  problem,  arguments  were 
presented  concerning  the  Identity  of  the  emitting  species  on  shuttle  surfaces 
as  well  as  those  of  other  space  vehicles.  Several  mechanisms  of  glow  produc¬ 
tion  were  suggested  based  on  existing  photographic  data,  and  various  hypo¬ 
theses  involving  plasma  discharges,  gas  phase  excitation  effects,  and  glow 
excitation  by  thermal  particle  collisions  were  judged  to  be  invalid. 

In  the  laboratory  study,  two  processes  were  investigated.  In  the  first, 
the  metastable  4-5  eV  states  of  O2  were  generated  on  various  metallic  surfaces 
by  the  recombination  of  atoms  produced  in  a  microwave  discharge.  The  relative 
efficiencies  of  production  of  the  resultant  UV  glows  were  measured,  their 
behavior  as  a  function  of  temperature  was  studied  over  the  temperature  range 
210-520  K,  the  glow  spectra  emanating  from  the  surfaces  were  compared,  glow 
intensities  were  related  to  composition  for  a  series  of  nickel  alloys,  and 
correlations  were  made  with  various  physical  properties  of  the  surfaces.  One 
of  the  more  important  recommendations  is  that  further  work  is  necessary  to 
determine  the  dominant  pathway  by  which  large  fractions  of  the  recombination 
energy  are  taken  from  the  surfaces  by  the  newly  formed  molecules. 

In  the  second  laboratory  study,  the  loss  of  02(a*Ag)  on  metallic  surfaces 
was  investigated.  A  considerable  range  of  activities  was  measured,  and  the 
results  of  thermal  measurements  plotted  as  loss  vs_  temperature  profiles  showed 
significant  variations.  Metals  with  similar  chemical  properties  tended  to 
produce  similar  profiles,  both  in  the  02(a)  loss  measurements  and  in  excited 
molecule  production.  Different  surfaces  were  investigated  by  Auger  spec¬ 
troscopy  to  establish  to  what  extent  the  data  relate  to  a  metallic,  rather 
than  an  oxide,  environment. 
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I  INTRODUCTION 


The  interactions  of  radicals  and  atoms  with  surfaces  is  a  topic  that  Is 
drawing  increasing  attention.  Not  only  are  questions  of  heterogeneous  inter¬ 
actions  of  intrinsic  interest,  but  there  are  also  practical  reasons  for 
attempting  to  understand  the  various  phenomena.  Perhaps  one  of  the  more 
dramatic  examples  is  the  issue  of  spacecraft  glow,  exemplified  by  the  now 
well-documented  Space  Shuttle  glow.*-^ 

The  project  described  here  focused  on  two  surface-related  studies. 

First,  laboratory  experiments  were  performed  to  investigate  the  recombination 
of  oxygen  atoms  on  surfaces.  Topics  investigated  included  the  generation  and 
destruction  of  electronically  excited  states,  the  temperature  effects  for  such 
processes,  and  the  efficiency  for  these  interactions  on  various  surfaces, 
principally  metallic.  Second,  we  attempted  to  integrate  the  various  observa¬ 
tions  regarding  spacecraft  glows  into  a  coherent  pattern  and  to  develop  a 
hypothesis  to  explain  the  mechanisms  of  glow  production. 

Although  innumerable  studies  have  been  performed  on  the  energy  transfer 
between  surfaces  and  free  or  adsorbed  molecules,  relatively  few  have  examined 
electronically  excited  states,  and  fewer  still  have  investigated  such  states 
that  are  metastable  with  respect  to  radiation.  Metastability  is  not  neces¬ 
sarily  a  desirable  feature  in  such  investigations,  but  to  study  the  interest¬ 
ing  case  of  oxygen  atoms  and  molecules  on  surfaces,  one  is  faced  with  the  fact 
that  transitions  between  the  six  lowest  O2  states  are  all  forbidden  to  one 
degree  or  another. 

The  early  work  on  excited  state  generation  by  means  of  oxygen  atom  recom- 

6~8 

bination  on  surfaces  was  performed  by  Harteck  and  co-workers  20  to  30  years 
ago;  relatively  little  research  has  been  carried  out  in  the  interim.  One  of 
the  attractive  features  of  such  measurements  is  that  there  is  a  considerable 
intensity  enhancement  over  homogeneous  recombination  glows,  so  the  possibility 
exists  of  obtaining  kinetics  and  spectroscopy  measurements  that  are  otherwise 
difficult  or  impossible.  For  example,  Qgryzlo  and  co-workers^-**  have  taken 
advantage  of  this  effect. 


The  (^(a^Ag)  state,  generically  known  as  singlet  oxygen,  is  a  very 
important  entity  for  several  reasons.  Although  rather  unreactive  compared  to 
other  excited  states  (its  excitation  energy  is  only  1  eV),  it  is  nevertheless 
much  more  reactive  than  ground  state  C^.  Coupling  its  stability  with  its 
extremely  long  radiative  lifetime  (4  x  10  s)  makes  it  possible  to  transport 
it  from  its  point  of  production  in  a  way  that  is  unique  among  electronically 
excited  molecules.  This  property  is  used  to  good  advantage  in  the  O^Ca)/!* 
laser  and  was  one  of  the  reasons  for  AFOSR's  interest  in  the  current  work. 
Singlet  oxygen  is  also  a  useful  molecule  in  medical  applications  as  an  agent 
for  treating  certain  cancers,  being  generated  in  situ  by  a  photosensitization 
process. 

The  phenomenon  of  the  Space  Shuttle  Glow  has  attracted  worldwide  interest 
since  it  was  first  discovered  in  1982.  The  red-orange  glow  is  observed  around 
surfaces  of  space  vehicles  in  orbit  and  is  a  consequence  of  the  8  km/s  orbital 
velocity,  which  defines  the  interaction  energy  with  which  a  particle  collides 
with  these  surfaces.  Apart  from  the  glow,  the  colllslonal  energies  (5  eV  for 
oxygen  atoms)  of  the  particles  are  sufficient  to  cause  damage  and  erosion. 
Because  the  glow  is  a  manifestation  of  these  processes,  it  is  of  importance  in 
reaching  an  understanding  of  the  relevant  mechanisms. 
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II  RESULTS 

A.  Spacecraft  Glows 

The  phenomenology  of  spacecraft  glows  Is,  in  retrospect,  a  long-standing 
issue.  Twenty  years  ago  there  were  reports  of  Russian  rocket  missions  in 
which  surface-related  radiation  was  described,  but  apparently  there  was  a 
general  disbelief  in  Western  scientific  circles,  and  the  subject  was  not  pur¬ 
sued,  in  spite  of  sporadic  literature  reports  of  similar  observations.  It  was 

not  until  data  from  the  Atmospheric  Explorer  satellite  in  1977  indicated  the 
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presence  of  surface  glow  phenomena  that  the  subject  was  taken  seriously. 

Since  then  and  particularly  with  the  start  of  Space  Shuttle  missions,  interest 
in  these  glows  has  rapidly  Increased. 

An  understanding  of  the  nature  of  surface  glows  on  orbiting  and  reentry 
vehicles  is  of  considerable  Importance  for  two  principal  reasons:  inter¬ 
ference  and  detection  problems.  During  scientific  optical  experiments,  the 
spacecraft  glow  can  interfere  with  observations  because  atmospheric  and  astro- 
physical  measurements  can  obviously  be  affected  by  the  presence  of  a  near¬ 
field  glow.  As  a  result  of  this  pheomenon,  planners  have  re-evaluated  the 
proposed  orbital  altitude  of  the  Space  Telescope. 


From  a  military  standpoint,  the  question  of  detectability  of  space  vehi¬ 
cles  is  of  great  Interest.  For  both  offensive  and  defensive  forces,  it  is 
clearly  advantageous  to  be  able  to  detect  and  monitor  satellites,  rockets,  and 
missiles  by  their  optical  signatures,  and  understanding  the  processes  involved 
is  the  first  step  toward  learning  how  they  can  be  controlled. 

Since  the  first  shuttle  glow  reports  three  years  ago,  researchers  have 

tried  to  understand  the  nature  and  the  source(s)  of  the  glow.  Among  the 

reported  characteristics  of  these  vehicle  glows  are  that  the  intensity  follows 

the  ambient  density  of  oxygen  atoms, ^  that  the  glow  is  strongest  on  surfaces 

perpendicular  to  and  facing  the  direction  of  motion  of  the  vehicle,^*  that  the 
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color  is  red-orange,  and  that  the  glow  extends,  at  least  on  the  shuttle, 

20  cm  from  the  surface.  The  initial  reports,  based  on  indications  that 
oxygen  atoms  seemed  to  be  necessary  for  glow  generation,  suggested  that  the 
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emitter  was  an  excited  O2  molecule.  This  idea  was  rapidly  rejected  following 
the  realization  that  the  radiative  lifetime  of  any  of  the  relevant  O2  states 
was  much  too  long  to  produce  a  glow  with  a  thickness  of  only  20  cm. 

At  this  point,  we  suggested  that  the  glow  on  the  Atmospheric  Explorer  was 
consistent  with  the  emitter  being  vibrationally  excited  ground  state  OH,  the 
Meinel  system."’  The  following  arguments  favored  such  an  identification: 

(1)  The  apparent  glow  thickness,  substantially  larger  than  on  the  Shuttle, 
could  be  interpreted,  on  the  .ssumption  of  thermal  ejection  velocities  of  the 
emitting  molecule,  as  arising  from  a  5-ms  radiator  (the  OH  radiative  lifetime 
from  high  vibrational  levels  has  this  value).  (2)  It  is  possible  that  the 
interaction  of  the  fast  (8  km/s)  oxygen  atoms  with  surfaces  can  generate  OH 
because  contamination  by  water  and  hydrocarbon  materials  is  expected.  (3)  The 
distribution  of  radiation,  peaking  toward  the  infrared,  is  representative  of 
the  Meinel  system,  which  is  most  intense  in  the  1-2  yra  region.  Appendix  A  is 
a  reprint  of  the  paper  published  in  Geophysical  Research  Letters  on  this 
topic. 

Two  subsequent  experiments  lent  support  to  the  OH  hypothesis.  A  ground- 
based  measurement  of  a  Shuttle  overflight*^  indicated  strong  infrared  emission 
at  1.6  and  2.3  pm,  and  a  Fabry-Perot  interferometric  experiment*"’  on  the 
Dynamics  Explorer  satellite  showed  spectral  lines  in  the  correct  positions  for 
the  OH  identification. 

Although  initial  attempts  to  measure  the  spectral  distribution  of  the 
glow  from  the  shuttle  were  inconclusive,  within  the  last  year  it  has  become 
apparent  that  in  the  visible  spectral  region,  the  radiation  is  essentially 
continuous.*^  The  present  resolution  of  3.4  nm  is  sufficient  to  show  struc¬ 
ture  in  OH  and  in  any  of  the  emissions  proposed  more  recently,  such  as  NO*^ 
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and  N2*  Thus,  it  appears  that  for  the  shuttle,  the  predominant  visible 
radiation  is  not  from  any  of  these  species.  Such  a  conclusion  certainly  pre¬ 
sents  ambiguities,  and  there  is  still  much  work  to  be  done  in  resolving  the 
Issues. 

From  their  most  recent  Shuttle  measurements,  Swenson  et  al.*^  have  argued 
that  the  most  likely  emitting  molecule  is  NO2,  basing  this  conclusion  on  the 
fact  that  the  only  small-molecule  continuum  of  which  we  are  aware  that 


approximates  the  appearance  of  the  observed  spectrum  is  that  from  NC^.  They 
propose  that  its  source  is  surface  collection  of  individual  ambient  0  and  N 
atoms. 

Although  the  Shuttle  continuum  is  narrower  than  the  continuum  from 
0  +  NO,^  the  most  questionable  part  of  the  NO2  identification  is  that  the 
thickness  of  the  glowing  region  has  always  been  taken  as  an  indication  that 
the  emitter  cannot  be  radiating  in  an  optically  allowed  transition.  For 
example,  an  air  molecule  (O2,  N2,  NO)  with  a  1-ys  radiative  lifetime,  leaving 
a  surface  with  a  300  K  thermal  velocity,  will  travel  only  0.4  mm  before  emitt¬ 
ing  a  photon.  Thus,  a  20-cm  thickness  indicates  either  that  the  emitter  is  a 
metastable  molecule  or  that  the  recoil  velocity  is  very  high  and  bears  no 
relationship  to  the  surface  temperature. 

Assuming  that  the  shuttle  emitter  is  indeed  NO2  and  that  the  distance 
travelled  before  photon  emission  is  20  cm,  the  relationship  between  the  energy 
of  the  departing  molecule  and  its  radiative  lifetime  can  be  calculated  as 
shown  in  Figure  1.  This  figure  shows  that  if  the  lifetime  is  longer  than 
100  118 ,  then  not  much  suprathermal  energy  is  needed,  but  if  the  lifetime  is 
within  the  30-60  gs  range  measured  recently  by  Bylicki  et  al.,1^  the  equiva¬ 
lent  energy  range  is  3-12  eV.  Because  the  available  translational  energy  in 
incoming  oxygen  atoms  is  5  eV,  such  an  amount  of  energy  in  departing  NO2  is 
unrealistic  and  unprecedented.  Unfortunately,  it  is  not  possible  to  defini¬ 
tively  discount  NO2  as  the  emitter  because  a  considerable  range  of  radiative 
lifetime  values  are  available  in  the  literature,  some  exceeding  100  ys. 

The  complexity  of  the  interactions  between  the  NO2  states  responsible  for  the 
continuum  emission  is  such  that  it  is  difficult  to  choose  “correct"  lifetime 
values,  and  it  is  particularly  difficult  to  reach  conclusions  about  the 
detailed  quantum  states  of  NO2  molecules  that  might  arise  from  surface  reac¬ 
tions.  It  is  clear  that  considerably  more  study  is  required  before  these 
issues  will  be  sufficiently  clarified  to  make  further  progress  possible.  Many 
more  observational  data  are  needed  from  the  shuttles  and  satellites,  and  it  is 
also  Important  to  perform  laboratory  simulations,  particularly  as  a  means  of 
verifying  hypotheses  developed  from  the  in  situ  observations. 

Our  initial  interest  in  spacecraft  glows  centered  on  the  identification 
of  the  emitting  species,  but  an  intimately  related  question  has  to  do  with  the 
mechanism  of  the  process  generating  excited  molecules.  Several  possible 
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mechanisms  have  been  suggested,  and  some  aspects  of  these  can  be  discussed 
without  knowing  the  emitter  identity.  Appendix  B  is  a  copy  of  a  paper  that 
has  appeared  in  Geophysical  Research  Letters  that  deals  with  these  issues,  and 
its  premise  is  that  existing  photographs  of  the  glow  on  the  Shuttle  set 
restraints  on  proposed  generation  mechanisms.  It  has  been  suggested  that 
excited  species  can  be  produced  in  the  density-enhanced  regions  near  forward¬ 
facing  surfaces  by  gas  phase  collisions  of  incoming  fast  particles  with  the 
particles  in  this  skin  region.  Alternatively,  Papadopoulos  has  proposed^ 

that  a  plasma  can  develop  near  the  surface,  and  excitation  by  electrons  or 
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ions  could  then  occur.  From  the  photographs,  it  is  apparent  that  gas  phase 
excitation  processes  are  excluded  as  major  sources  of  the  glow,  leading  one 
back  to  the  original  concept  that  the  excited  species  are  created  at  the  sur¬ 
face  by  fast  particle  Interactions.  It  also  appears  that  if  any  Incoming  par¬ 
ticles  reflect  from  the  surfaces,  they  have  lost  sufficient  kinetic  energy  to 
lie  below  the  threshold  for  surface  excitation. 


B.  Laboratory  Surface  Studies 

I.  Surface  Recombination  of  Oxygen  Atoms 

The  recombination  of  ground  state  oxygen  atoms  into  the  six  molecular 
states  shown  in  Figure  2  is  a  subject  whose  complexity  has  not  been  fully 
appreciated.  It  is  becoming  evident  from  recent  experiments  that  we  do  not 
yet  understand  the  details  of  the  process  even  in  the  gas  phase.  In  partic¬ 
ular,  the  branching  ratios  into  the  individual  states  have  not  been  measured, 
we  do  not  understand  how  or  whether  the  states  are  collisionally  coupled,  and 
we  are  uncertain  about  the  kinetics  of  the  relaxation  from  the  nascent  mole- 
cule  to  the  bottom  of  the  potential  in  any  state.  Also,  recent  studies 
refer  to  precursor  species  in  the  kinetic  scheme,  another  indication  that  the 
flow  of  energy  is  not  understood. 


In  many  ways  the  oxygen  atmospheric  nightglow  is  the  best  medium  in  which 
to  study  atom  recombination,  because  the  pressure  domain  cannot  be  duplicated 
in  the  laboratory.  That  is,  the  six  0^  molecular  states  are  such  poor  radi¬ 
ators  that  at  low  pressures  deactivation  on  vessel  walls  dominates  the  loss 
process,  and  no  emission  is  observed.  On  the  other  hand,  in  the  nightglow  no 
such  effect  occurs,  and  the  efficiency  of  radiation  is  much  greater.  Never¬ 
theless,  attempts  to  model  the  system  and  to  explain  appearance 
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of  species  such  as  (X  S)  have  paralleled  the  laboratory  studies,  *  and 

similar  discussions  of  precursor  involvement  are  taking  place. 

Oxygen  recombination  on  surfaces  has  been  studied  much  less,  and  what 
data  exist  are  generally  of  a  phenomenological  nature.  Work  in  this  area  was 
begun  by  Harteck  and  co-workers  in  the  late  1950s  and  was  basically  limited 
to  observing  that  when  oxygen  atoms  recombine  on  various  metallic  surfaces, 
production  of  C|2(AJE  )  is  observed;  this  process  is  most  efficient  for  nickel 
surfaces  although  cobalt  behaves  in  a  similar  manner.  More  recently,  this 
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effect  has  been  used  by  Ogryzlo  and  co-workers  to  generate  excited  0^ 
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states,  specifically  A  Eu  and  c  Eu  ,  for  kinetics  studies. 

We  investigated  surface  recombination  to  learn  more  about  the  interaction 
of  electronically  excited  oxygen  molecules  with  surfaces.  The  fact  that 
oxygen  atom  interactions  with  the  Space  Shuttle  seems  to  be  related  to  the 
observed  glow  was  coincidental,  although  we  rapidly  found  ourselves  part  of 
the  community  investigating  these  effects. 

The  early  work  of  Harteck  and  co-workers^“®was  limited  to  production  of 

the  02(A)  state.  However,  we  observed  that  recombination  of  oxygen  atoms  on 
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Pyrex  surfaces  led  to  a  high  yield  for  production  of  02(a1&g),  the  lowest 
excited  0^  state  and  the  driving  force  in  the  iodine  laser.  The  Air  Force  was 
interested  in  how  this  state  was  generated  on  other  surfaces  because,  although 
the  yield  on  Pyrex  is  35X,  the  efficiency  is  low,  the  probability  per  colli¬ 
sion  of  an  oxygen  atom  recombining  on  the  surface  being  about  10 

Ongoing  work  at  SRI  on  the  4-5  eV  states  of  has  been  Instrumental 

in  demonstrating  that,  although  the  02(A)  state  is  the  best  radiator  (t  -  150  ms 
the  concentrations  of  the  c  and  A1  states,  with  much  longer  lifetimes,  are 
considerably  greater,  both  in  afterglow  systems  and  in  the  nightglow.  Thus, 
in  all  studies  performed  to  date,  including  those  of  Harteck  et  al.,  it 
must  be  remembered  that  reports  of  emission  arising  predominantly  from  02(A) 
are  misleading  to  the  extent  that  it  is  not  the  dominant  excited  species  of 
the  higher  states.  Nevertheless,  it  is  not  a  simple  matter  to  study  the  c  and 
A'  states  individually,  precisely  because  the  A  state  produces  most  of  the 
light  in  the  spectral  region  where  extraneous  emissions  are  minimized, 

300-400  nm.  As  a  result,  although  we  have  obtained  spectra  showing  all  three 
states  to  be  present  from  surface  recombination,  the  photometric  measurements 
on  the  efficiency  of  production  of  these  excited  states  on  surfaces  refer 


mainly  to  the  A  state.  As  pointed  out  earlier,  it  is  not  clear  how  the  three 
states  are  collisionally  coupled,  that  is,  whether  O2  or  He  collisions  convert 
one  state  into  the  other.  If  such  processes  occur,  then  it  may  be  immaterial 
which  state  is  monitored. 

In  the  next  section  we  describe  the  experiments  performed  on  generation 
of  the  4-5  eV  states  on  a  variety  of  surfaces,  relating  atom  losses  to  rela¬ 
tive  production  efficiencies  and  determining  the  effect  of  temperature  vari¬ 
ations  for  several  of  the  surfaces. 

A  philosophical  point  decided  on  early  in  the  program  was  that  no  attempt 
would  be  made  to  use  ultraclean  high  vacuum  techniques.  Because  of  the  poor 
radiative  efficiency  of  the  0^  states,  we  realized  that  it  was  necessary  to 
work  with  relatively  high  concentrations  of  atoms.  This  precluded  any  low 
pressure  sources  such  as  atomic  beams,  constraining  us  to  using  discharge 
sources  that  operate  at  pressures  in  the  0.1-1  tor*-  range.  Thus,  any  type  of 
surface  treatment  to  ensure  cleanliness  or  to  ensure  that  the  actual  surface 
was  the  metal  under  study  was  futile.  We  had  to  accept  that  we  were  studying 
surfaces  that  were  oxidized  to  some  extent  and  that  the  physical  properties  of 
these  surfaces  were  not  well  defined. 


2.  Surface  Generation  of  4-5  eV  Oxygen  States 

To  observe  emission  from  surface-generated  0%  in  the  A,  A',  and  c  states, 
we  described  and  built  the  apparatus  shown  in  Figure  3.  With  this  system,  we 
were  able  to  obtain  measurements  not  only  on  the  4-5  eV  states,  but  also  on 
the  loss  rates  of  the  a*d  state,  described  later. 

o 

Atoms  were  produced  by  a  microwave  discharge  upstream  of  the  sample 
region.  After  considerable  experimentation,  the  most  satisfactory  feed  gas 
was  found  to  be  a  low  pressure  (500  mtorr)  of  pure  Oj.  This  combination  gave 
a  higher  absolute  atom  production  than  either  higher  O2  concentrations  or  N0- 
tltrated  N  atom  flows.  With  the  latter,  the  samples  were  sometimes  poisoned, 
if  excess  NO  was  Inadvertently  used,  and  in  any  case  there  was  always  a 
control  problem  in  keeping  the  flow  at  the  titration  point,  where  both  N  and 
NO  were  minimal. 

To  determine  efficiencies  of  excited  0^  (o£)  production,  it  was  necessary 
to  measure  not  only  the  emission  intensities,  but  the  loss  of  oxygen 
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acorns.  Obviously,  if  oxygen  atoms  are  not  being  lose  in  passing  over  Che  sur¬ 
faces,  Che  lack  of  emission  says  nothing  about  Che  efficiency  of  O2  generation 
in  excited  states.  Thus,  atoms  were  measured  before  and  after  the  sample 
region,  by  NO2  titration,  to  obtain  an  estimate  of  the  recombination  rate. 

This  was  done  both  in  the  presence  and  the  absence  of  samples,  because  some 
atoms  are  lost  on  the  glass  walls  themselves. 

The  sample  holder  was  constructed  with  the  option  of  mounting  samples  on 
[  either  one  side  or  both.  In  the  former  case,  an  inert  metal  such  as  aluminum 

was  used  on  the  other  side.  Included  in  the  body  of  the  holder  was  a  metallic 
U-tube  that  permitted  circulation  of  hot  oil  and  cold  ethylene  glycol  to  con¬ 
trol  the  surface  temperature,  which  was  measured  with  a  thermocouple. 

Surface  glows  were  measured  with  a  filtered  photomultiplier  tube,  sensi¬ 
tive  to  radiation  between  300  and  400  nm.  Observations  were  made  normal  to 
the  sample  surface,  so  that  the  issue  of  emitter  lifetime  did  not  have  to  be 
addressed. 

One  of  the  principal  problems  with  the  experiment  was  equilibration 
times.  Often,  several  hours  were  required  for  the  glow  from  a  new  sample  to 
adjust  to  a  final  value,  and  this  effect  did  not  appear  to  be  related  to  the 
atom  recombination  rate,  but  to  changes  with  time  of  the  0^ /O2  production 
ratio.  Care  was  taken  when  changing  samples  to  keep  the  system  purged  with  He 
or  N2,  which  was  beneficial,  and  samples  were  stored  under  inert  gas  when  they 
were  not  mounted.  Nevertheless,  in  spite  of  these  precautions,  when  a  new 
sample  was  mounted,  the  O2*  production  efficiency  tended  to  change  over  sub¬ 
stantial  periods  of  time.  Although  oxygen  atom  flow  over  the  surface  was  an 
Important  factor  in  stabilizing  the  O2*  production  efficiency,  time  alone 
seemed  to  have  a  similar  although  weaker  effect;  that  is,  a  sample  that  had 
been  in  the  system  over  a  weekend  exhibited  greater  O2*  production  efficiency 
than  when  it  was  first  mounted.  Because  of  this  behavior,  it  was  never  pos¬ 
sible  to  compare  more  than  two  samples  per  day.  Examples  of  the  rate  of  the 
equilibration  process  are  shown  in  Table  1  for  Ni  and  Pt.  Ni  samples 
generally  showed  an  initially  high  glow  intensity,  which  decreased  with  time, 
whereas  Pt  showed  the  opposite  behavior.  The  runs  in  Table  l  were  carried  out 
before  the  system  was  temperature-controlled;  at  least  part  of  the  fall-off  in 
intensity  of  the  Ni  surface  was  due  to  increasing  temperature.  In  a  later 
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Table  1 


Equilibration  Times  for  Nickel  and  Platinum  Surfaces 


Times  (Minutes)  UV  Intensity  (Normalized  to  Peak) 


section,  we  show  that  for  most  surfaces  the  UV  glow  intensity  decreases  with 
both  an  increase  and  a  decrease  in  temperature. 

As  mentioned  above,  the  samples  were  sensitive  to  surface  poisoning; 
passage  of  NO2  over  a  strongly-glowing  sample  for  a  few  seconds  quenched  the 
emission,  and  the  surface  did  not  recover  from  this  treatment  for  days,  in 
spite  of  continuous  oxygen  atom  flow.  Similar  behavior  was  noted  when  N-atom 
flows  that  were  over-titrated  with  NO  were  used.  Obviously,  some  material 
becomes  bound  to  the  surface  very  strongly,  and  we  are  unable  to  say  whether 
it  is  an  impurity  in  these  gases  or  whether  there  is  formation  of  metallic 
nitrides,  which  could  be  impervious  to  O-atom  attack. 

Twenty-two  metals  were  Investigated,  a  large  fraction  of  the  metallic 

elements.  The  results  of  these  300  K  measurements,  listed  in  Table  2,  show 

that,  compared  to  the  five  active  metals,  all  others  are  basically  inert.  The 

work  of  Reeves  et  al.^  had  established  that  nickel  and  to  some  extent  cobalt 

9—1 1 

were  efficient  surfaces.  Kenner  and  Ogryzlo  have  used  Ni  for  similar 
experiments,  but  found  Co  to  be  inactive,  whereas  our  results  show  that  Pd, 

Pt,  and  Au  are  active  in  addition  to  Ni  and  Co. 

The  position  of  these  five  metals  on  the  periodic  chart  is  particularly 
striking  because  they  are  not  randomly  scattered  but  form  a  coherent  contig¬ 
uous  group.  All  but  Au  are  in  the  VUIb  group,  whereas  Au  lies  next  to  Pt. 
Other  VUIb  group  members,  such  as  rhodium  and  iridium,  are  inactive,  and  sil¬ 
ver,  which  adjoins  both  palladium  and  gold,  reacts  efficiently  with  oxygen 
atoms,  producing  no  emission. 

We  have  naturally  been  searching  for  a  common  denominator  among  these 
metals  or  their  oxides  that  explains  their  uniqueness.  They  are  generally 
good  catalysts,  forming  strong  bonds  with  oxygen  atoms,  but  such  a  correlation 
is  somewhat  self-defeating  as  an  explanation,  because  the  more  strongly  bonded 
an  atom  is  to  the  surface,  the  less  likely  it  is  to  recombine  with  a  labile 
atom  to  give  high  electronically  excited  states. 

In  considering  the  fact  that  several  of  the  metals  have  low  energy  accom¬ 
modation  coefficients,  we  thought  It  Important  to  consider  their  heat  capaci¬ 
ties.  In  so  doing,  we  discovered  that,  although  there  is  no  correlation  to 
the  Debye  temperature,  there  is  a  term  in  the  low  temperature  heat  capacity 
expression  that  is  due  to  free  electrons.  This  parameter,  e,  is  listed  in 
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nm  GLOWS  ON  METALS  AT  300 

_K_ 

Metal 

Intensity 

(nA) 

Oxygen  Atom 

Loss  (mtorr) 

Ef ficienc 
( Intensity/ 
Ni  -  10 

Ni 

350 

0.3 

100 

Pt 

60 

0.2 

26 

Co 

30 

0.4 

6.4 

Au 

22 

0.4 

4.7 

Pd 

30 

0.6 

4.3 

Fe 

7 

0.6 

1.0 

Cr 

0.5 

0 

- 

Rh 

0.3 

- 

- 

Ir 

0.1 

- 

- 

A1 

0 

0.1 

0 

Cu 

0 

0.7 

0 

Ag 

0 

0.6 

0 

Sn 

0 

0.1 

0 

Zn 

0 

0 

- 

Ta 

0 

0 

- 

Mo 

0 

0 

- 

Zr 

0 

- 

- 

Er 

0 

0.1 

0 

Dy 

3 

- 

- 

Gd 

0 

0.2 

0 

Sc 

2.5 

- 

- 

U 

0 

0.5 

0 
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Table  3,  where  the  effective  glow-producing  metals  are  compared  with  those 
from  which  no  glow  was  produced, ^  In  spite  of  a  discernible  loss  of  oxygen 
atoms  (those  for  which  no  atoms  were  lost  are  not  included).  The  correlation 
is  remarkable  in  that,  except  for  gold,  there  is  no  overlap  between  the  two 
sets;  the  lowest  e  in  the  glow-producers  is  larger  than  the  highest  e  among 
the  nonglowing  metals.  Excluding  gold,  the  average  e  is  5.5  times  larger  for 
the  former  than  the  latter. 

On  the  basis  of  these  observations,  we  predict  that  substantial  glows 
might  be  observed  from  untested  metals  with  high  values  of  e.  The  highest 
have  been  reported  for  lanthanum,  manganese,  scandium,  uranium,  yttrium,  and 
vanadium.  In  fact,  we  did  examine  scandium,  but  it  is  not  shown  in  Table  3 
because,  although  a  faint  glow  was  observed,  the  oxygen  atom  loss  was  indis- 
cernibly  small.  The  same  is  true  for  dysprosium,  for  which  a  value  for  y  is 
not  available.  Thus,  these  may  well  be  very  efficient  glow-producers,  defin¬ 
ing  efficiency  as  glow  intensity/atoms  lost. 

The  definition  of  the  electronic  heat  capacity  is 


Cv(el)  -  eT 

(1) 

e  -  *2zR/2Tf 

(2) 

where  z  is  the  number  of  valence  or  conduction  electrons  per  atom  and  T^  is 
the  Fermi  temperature,  approximately  5  x  10^  K.  The  expression  is  reasonably 
valid  for  various  metals,  but  there  are  many  for  which  the  value  of  e  is  much 
larger  than  calculated,  including  the  transition  elements.  The  discrepancy  is 
treated  by  multiplying  e  by  m*/m,  the  "effective  electronic  mass,”  which  has  a 
value  within  a  factor  of  2  of  unity  for  the  metals  that  we  find  to  be  ineffec¬ 
tive  glow  producers,  but  attains  values  up  to  28  (for  Ni  and  Pd)  for  those 
metals  that  generate  glow.  The  concept  of  the  effective  electronic  mass  is 
used  extensively  in  various  areas  of  solid  state  physics,  including  magnetic 
susceptibility  (paramagnetic  metals  have  high  values  of  m*/m) ,  transport  of 
charge  in  semiconductors  (for  which  m*/m  tends  to  be  less  than  unity),  and 
cyclotron  resonance  studies. 

It  is  obvious  that  more  work  is  needed  to  understand  the  apparent  corre¬ 
lation  between  glow  efficiency  and  m*/m.  We  presume  that  it  is  not  a  primary 
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Table  3 


ELECTRONIC  HEAT  CAPACITY  FOR  THE  MOST  AND 
LEAST  EFFECTIVE  METALS  IN  GENERATING  UV  GLOWS' 


MeCal 


E  X  10^ 

(cal/mole-deg^ ) 


effect,  but  that  there  is  some  physical  or  chemical  parameter  that  is  common 
to  both  phenomena.  Since  the  transition  metals  seem  to  be  characterized  by 

A  A 

large  m  /m  ratios,  whereas  there  are  metals  with  large  m  /m  that  are  not  tran¬ 
sition  elements,  it  is  important  to  determine  whether  the  glow  phenomenon  is 
associated  with  the  larger  group  (those  with  large  m*/m),  or  the  subgroup  (the 
transition  elements).  We  can  certainly  increase  the  data  base  by  investigat¬ 
ing  the  six  metals  mentioned  above,  comparing  them  to  metals  with  particularly 
low  values  of  e.  Table  4  presents  values  of  e  for  such  a  set  of  materials. 

An  important  consideration  in  performing  such  experiments  is  that  the 
sample  must  be  large  enough  that  an  oxygen  atom  loss  can  be  detected,  which 
was  not  the  case  for  several  of  the  samples  listed  in  Table  1;  for  those 
samples,  faint  glows  were  observed  but  it  was  unclear  whether  a  significant 
number  of  atoms  had  been  removed  from  the  gas  stream. 


3.  Temperature  Effects  on  Surface  Glows 

The  effect  of  varying  surface  temperatures  on  glow  intensities  was 
measured  for  seven  different  metals.  Harteck  and  co-workers  observed  that 
it  was  necessary  to  cool  the  metal  surfaces  that  they  studied;  if  the  surface 
temperature  increased,  the  UV  intensities  became  weak.  Figures  4  through  6 
show  that  in  general  there  is  a  peak  in  the  glow  intensities,  but  its  position 
is  variable,  ranging  from  10°C  for  palladium  to  100°C  for  platinum.  Gold 
occupies  a  unique  position  in  that  the  peak  is  so  broad  that  at  the  higher 
temperatures  the  glow  scarcely  decreases  in  intensity,  so  that  at  200°C  gold 
has  displaced  nickel  as  the  metal  with  the  most  intense  glow.  In  fact,  plati¬ 
num  behaves  similarly,  putting  the  most  noble  metals  in  a  class  by  them¬ 
selves.  Another  class  is  obviously  occupied  by  the  three  contiguous  transi¬ 
tion  elements  of  the  first  row  of  the  period  chart,  Fe,  Co,  and  Ni.  Although 
varying  in  glow  intensity,  their  temperature  profiles  are  very  similar,  and 
quite  different  from  gold  and  platinum.  Palladium  behaves  in  an  intermediate 
way,  with  the  glow  intensity  decreasing  at  the  higher  temperatures,  but  then 
turning  around  in  efficiency,  whereas  aluminum  is  almost  inert. 

Since  the  ordinate  in  Figures  4  through  6  is  referenced  to  the  homo¬ 
geneous  glow  at  room  temperature,  the  values  less  than  unity  for  Fe,  Co,  and 
Ni  at  high  temperatures  mean  that  the  introduction  of  the  surfaces  into  the 
flow  stream  causes  a  decrease  in  the  homogeneous  glow  intensity  itself.  As 


Table  4 


CANDIDATE  METALS  FOR  DETERMINATION 
OF  UV  GLOW  GENERATION  EFFICIENCY® 


e  x  104 

Metal  (cal/mol-deg^) 

Large  e 
Mn 
Sc 

Y 
U 

La 

V 


Small  e 

Sb 

0.11 

Be 

0.17 

Bi 

0.02 

Cd 

0.69 

Mg 

1.3 

14 

10.7 

10.2 

10.0 

10 

9.8 


Source:  Reference  34 
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FIGURE  6 


RELATIVE  UV  GLCW  INTENSITY  VERSUS  TEMPERATURE  FOR  Ni  AND  Fe 


Che  Introduction  of  an  Inert  material  such  as  aluminum  changes  the  observed 
intensities  very  little,  this  effect  is  not  geometric;  that  is,  Introducing  a 
sample  into  the  field  of  view  of  the  PM  tube  does  not  substantially  alter  the 
UV  flux  that  it  sees.  Thus,  either  the  excited  molecules  are  being  quenched 
on  the  hot  surfaces,  or  the  recombination  coefficient  (y)  for  0  atoms  is 
increasing,  thereby  decreasing  the  atom  density  available  for  homogeneous 
generation  of  the  excited  states. 

Measurements  of  the  0  atom  loss  at  high  temperatures  for  Ni  and  Co  indi¬ 
cate  an  increasing  y.  The  alternative  hypothesis  is  in  any  case  unre&llstlc 
because  the  lifetime  of  an  0^*  molecule  is  expected  to  be  short,  so  once  it  is 
formed  in  the  gas  phase,  it  is  unlikely  to  be  able  to  reach  the  surfaces. 

Given  that  the  homogeneous  glow  is  decreased  due  to  increased  y,  one  might 
then  expect  that  the  homogeneous  glow  would  be  replaced  by  a  more  Intense 
heterogeneous  one.  Because  this  is  not  the  case  with  the  three  metals  in 
question,  it  must  be  concluded  that  the  apparent  increased  rate  of  heterogen¬ 
eous  atom  recombination  at  the  higher  temperatures  takes  place  with  a  greatly 
decreased  efficiency  for  02*  production.  This  would  very  likely  be  reflected 
in  an  increasing  energy  accommodation  coefficient.  It  is  shown  in  the  section 
on  C^a1^)  surface  losses  that  Increases  are  observed  for  all  three  transi¬ 
tion  metals  with  increasing  temperature* 

For  all  the  metals  except  aluminum  there  is  a  substantial  decrease  in 
glow  intensity  with  decreasing  temperature.  In  this  case,  no  change  in  het¬ 
erogeneous  0  atom  loss  rate  was  observed.  Although  surface  mobility  of  the 
atoms  decreases  with  temperature,  this  probably  does  not  provide  an  explana¬ 
tion,  because  with  a  constant  flux  to  the  surface,  the  surface  coverage  will 
simply  increase,  balancing  the  mobility  decrease.  A  decreasing  glow  Intensity 
therefore  represents  a  decreasing  ratio  of  leaving  the  surface  as  the 

temperature  decreases.  The  reason  for  this  is  not  evident,  particularly 
because  there  is  no  apparent  increase  in  (^(a^Ag)  loss  rate  with  decreasing 
temperature  for  any  of  the  metals  studied. 


4.  Auger  Spectroscopy 

To  learn  more  about  the  composition  of  the  surfaces,  we  obtained  Auger 
spectra  of  various  samples.  The  results  are  shown  in  Table  5,  where  surface 
concentration  ratios  are  given.  Entries  labeled  (a)  are  for  unetched  samples, 


Table  5 


SURFACE  COMPOSITION  DETERMINED  BY 
AUGER  SPECTROSCOPY 


Sanple  _ 

316  Stainle8s  (a) 

(b) 

Nickel  (a) 

(b) 

Copper  (a) 

(b) 

Gold  (a) 

(b) 

Monel  (a) 

(b) 


Concentration  Ratios 
O/Fe  -  0.93,  Ni/Fe  -  0.11 

O/Fe  -  0.97,  Ni/Fe  -  0.14 

0/Ni  -  0.64 

0/Ni  -  0.37 

0/Cu  -  0.06,  Cl/Cu  -  8.4 

0/Cu  -  0,  Cl/Cu  -  5.1 

0/Au  -  1.1 

0/Au  -  0.02 

0/Ni  -  0.56,  Cu/Ni  -  0.67 

0/Ni  -  0.13,  Cu/Ni  -  0.25 


Note: 

(a)  Unetched  sanple. 

(b)  Sanple  subjected  to  light  Ar+  etch. 
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whereas  entries  labeled  (b)  were  subjected  to  a  light  argon  Ion  etch,  which 
strips  away  the  first  one  or  two  monolayers. 

The  stainless  steel  sample  shows  equal  parts  of  Fe  and  0,  indicating  an 
oxidized  layer,  which  is  at  least  several  monolayers  thick.  The  N1  content  at 
the  surface  is  the  same  as  in  the  bulk  material.  The  nickel  sample  shows  that 
the  oxide  layer  is  principally  at  the  surface,  in  contrast  to  steel.  The  cop¬ 
per  surface  unexpectedly  shows  little  oxidation,  but  a  great  deal  of  chlorine, 
even  below  the  surface,  so  in  this  case  it  may  be  misleading  to  attribute  the 
Cu  data  in  Table  2  to  a  metallic  surface.  The  data  from  the  gold  sample  show 
an  oxide  layer  in  only  the  top  monolayer,  as  expected  for  a  noble  metal.  For 
monel  (principally  a  Ni-Cu  alloy) ,  the  oxide  layer  is  concentrated  in  the 
first  monolayer,  as  with  nickel,  and  there  is  evidence  for  enhanced  Cu  at  the 
surface  although  thermodynamically  the  Cu/Ni  ratio  ought  to  be  3.5.-*^ 

Ue  conclude  that,  in  general,  the  surfaces  are  oxide  layers  and  that  to 
understand  the  recombination  processes,  it  is  necessary  to  bear  in  mind  that 
the  typical  surface  is  metallic  with  chemisorbed  oxygen  atoms. 

5.  Spectroscopy  of  Surface-Generated  (^(A,  A',  c) 


The  work  of  Harteck  co-workers* 


established  that  certain  metals  enhance 


the  recombination  of  oxygen  atoms  into  electronically  excited  states.  Their 
UV  spectra,  while  of  poor  quality,  were  sufficient  to  show  that  the  Herzberg  I 
system,  (^(A-X),  was  the  principal  emitter. 


We  have  obtained  spectra  with  an  image  tube-enhanced  spectrometer  in  the 
visible  spectral  region,  using  Nl,  Pt,  and  Co  as  surfaces,  and  have  obtained 
considerably  more  detail.  The  Ni  and  Pt  spectra,  taken  with  200  mtorr  of  O2, 
are  shown  in  Figure  7;  the  Co  spectrum  has  the  same  appearance.  Although  the 
Ni  spectrum  is  2-3  times  more  intense,  the  electronic  and  vibrational  distri¬ 
butions  are  similar.  Thus  it  is  reasonable  to  conclude  that  either  similar 
distributions  are  produced  on  the  two  surfaces  or  the  distributions  are  deter¬ 
mined  by  gas  phase  collisions  after  the  excited  molecule  has  left  the  surface, 
thus  washing  out  the  nascent  distribution. 


Note  that  the  strongest  bands  in  the  two  spectra  are  the  0-v"  bands  of 
the  A-X  system,  although  bands  with  v'*2  and  3  are  noticeable.  In  fact,  when 
the  intensities  are  divided  by  the  Franck-Condon  factors,  it  becomes  apparent 


SPECTRA  OF  Ck ( A-X ,  A’-a,  AND  c-XO  TRANSITIONS  OVER  Ni  AND  Pt  SURFACES 


Chat  Che  higher  vibrational  levels  have  higher  populations  than  does  v'-O. 

Bands  in  the  0-v"  progression  of  the  c-X  system  are  strong,  with  little  indi¬ 
cation  of  vibrationally  excited  levels  of  (^(c).  On  the  other  hand,  only 
vlbrationally  excited  levels  of  the  A'  state  are  discernible. 

£ ’  07  ‘lil.'lO 

Many  UV  spectra  of  these  systems  are  available  in  the  literature,  *  ’ 
obtained  under  a  variety  of  conditions  of  pressure  and  gas  composition.  It  is 
apparent  from  analyzing  the  UV  spectra  that  the  state  and  vibrational  distri¬ 
butions,  at  least  in  the  gas  phase,  are  sensitive  to  these  two  parameters. 

The  characteristic  of  spectra  obtained  in  pure  O2  seems  to  be  that  they  are 
vibrationally  hotter  than  those  in  which  Ar  or  He  are  present,  although  there 
is  no  existing  pure  O2  spectrum  in  the  region  above  400  run  for  comparison  with 

O  1 

Figure  7.  In  our  work  in  this  spectral  region  using  an  02/He  afterglow,  we 
found  almost  no  evidence  of  vibrational  excitation,  with  emission  from  0^(c) 
and  02(A')  in  their  v'«0  levels  being  dominant  and  with  relatively  weak  emis¬ 
sion  from  0^(A).  The  absence  of  02(A')  v'*0  emission  in  the  present  spectra,  com¬ 
pared  to  our  earlier  results,  is  particularly  striking. 

Q 

Kenner  and  Ogryzlo  generated  emission  from  the  excited  O2  states  in  the 
same  manner,  passing  the  products  from  an  0^/Ar  discharge  through  a  nickel 
screen.  Comparing  their  spectrum,  reproduced  in  Figure  8,  with  that  in 
Figure  7  shows  substantial  differences.  They  found  considerably  more  (X^S) 
relative  to  the  rest  of  the  emissions,  and  the  O^(A-X)  intensities  are  even 
more  dominant  than  in  our  spectrum.  Assuming  that  nascent  vibrational  and 
electronic  distributions  in  the  two  systems  are  similar  as  molecules  leave  the 
nickel  surface,  the  difference  in  the  spectra  must  be  due  to  processes  that 
subsequently  take  place  in  the  gas  phase.  The  similarity  between  our  nickel 
and  platinum  spectra  argues  that,  where  the  gas  phase  conditions  are  the  same, 
the  spectra  are  the  same,  whereas  the  difference  between  our  spectra  and  that 
of  Kenner  and  Ogryzlo,  for  the  same  surface,  indicates  that  it  is  the  gas 
composition  that  is  the  determining  factor  in  the  spectral  distribution. 

Kenner  and  Ogryzlo  have  shown,  in  earlier  afterglow  studies  how  criti¬ 
cally  dependent  the  spectrum  is  on  gas  composition.  By  increasing  the  ratio 
of  oxygen  atoms  to  total  presssure,  they  showed  that  it  was  possible  to  pass 
from  a  spectrum  dominated  by  c-X  emission  to  one  having  primarily  A-X  fea¬ 
tures.  They  argued  that  this  effect  is  the  determining  factor  in  explaining 
why  in  the  terrestrial  atmosphere  the  A-X  emission  is  stronger  than  c-X, 
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whereas  in  the  Venusian  atmosphere,  the  opposite  is  the  case.  It  is  interest¬ 
ing  to  note  that  the  spectrum  that  they  display  for  a  high  [  0)  / [ M ]  ratio  in  a 
homogeneous  system  is  essentially  identical  with  our  surface-generated 
spectrum. 

We  thus  conclude  that:  (1)  based  on  the  present  evidence,  the  hetero¬ 
geneous  system  strongly  enhances  the  C>2  emissions,  whereas  the  spectral  dis¬ 
tribution  is  determined  by  subsequent  gas  phase  interactions,  and  (2)  there  is 
little  that  can  be  said  concerning  the  distribution  of  excited  molecules  that 
initially  leave  the  surfaces.  This  is  hardly  surprising  in  view  of  the  fact 
that  these  metastable  molecules  undergo  many  collisions  before  they  radiate  - 
in  order  to  obtain  nascent  distributions,  it  will  be  necessary  to  use  tech¬ 
niques  that  do  not  require  waiting  for  the  molecule  to  emit  a  photon. 

Support  for  our  conclusion  comes  from  recent  work  by  Chu  et  al,^  in 
which  the  spatial  distribution  of  the  O2  glow  originating  from  a  nickel  sur¬ 
face  was  investigated  as  a  function  of  changing  the  gas  composition.  They 
contend  that  the  02(A)  that  they  monitored  was  not  a  primary  surf.ace-generated 
product  at  all,  and  that  in  fact  there  is  a  precursor,  identified  by  them  only 
as  another  excited  state  of  O2.  On  the  basis  of  our  knowledge  of  the  kinetics 
of  vibrationally  excited  (^(A),  we  argue  elsewhere  that  the  most  likely  candi¬ 
date  for  this  precursor  is  highly  vibrationally  excited  ground  state  O2. 

6.  Nickel  Alloy  Studies 

Considering  the  observed  variability  in  excited  oxygen  state  production 
for  the  various  elemental  metals,  we  decided  to  investigate  the  properties  of 
alloys  in  this  respect.  Because  alloy  properties  are  generally  not  additive, 
it  was  not  obvious  how  they  might  behave.  For  this  study,  we  treated  various 
nickel  alloys  in  a  similar  manner,  and  the  results  of  the  measurements  are 
shown  in  Figure  9.  In  spite  of  uncertainties  due  to  the  above-mentioned  slow 
equilibration  times,  the  data  clearly  show  that  the  Oj*  intensities  correlate 
with  the  amount  of  nickel  in  the  sample. 

This  is  interesting  not  only  because  it  establishes  that  the  property  of 
nickel  that  results  in  generation  of  these  states  is  additive,  but  also 
because  the  data  imply  that  this  is  not  true  for  other  metals.  For  instance. 
Monel  is  33Z  copper,  a  metal  that  emits  no  glow  and  destroys  atoms  with  great 
efficiency  (Table  2).  In  conjuction  with  nickel,  the  copper  becomes  inert  in 
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that  it  neither  consumes  atoms  nor  interferes  with  the  effect  of  the  nickel. 

It  would  be  interesting  to  extend  these  measurements  to  other  sets  of  alloys, 
particularly  to  determine  whether  an  alloy  can  be  found  with  components  that 
are  inert  to  recombination  and/or  glow  production,  yet  generate  the  glow  as  an 
alloy. 

7 .  Energy  Accommodation  in  Surface  Recombination 

When  atoms  recombine  on  a  surface,  the  resultant  molecule  initially  pos¬ 
sesses  the  recombination  energy,  5.1  eV  in  the  case  of  C^.  The  disposition  of 
this  energy  is  one  of  the  most  interesting  questions  in  surface  physics. 

The  energy  may  be  disposed  of  in  five  possible  ways:  the  molecule  may 
retain  the  energy  in  its  four  degrees  of  freedom  (translational,  electronic, 
vibrational,  rotational)  or  the  energy  may  be  transferred  to  surface  phonons, 
resulting  in  bulk  heating.  Considerable  data  have  been  amassed  to  show  that 
in  many  systems,  most  of  the  energy  is  retained  by  the  molecule.  Table  6, 
reproduced  from  a  paper  by  Melin  and  Madix,.^®  shows  that  the  energy  accommo¬ 
dation  coefficient  for  oxygen  atom  recombination  is  generally  small.  In  par¬ 
ticular,  for  nickel  (more  accurately  nickel  oxide),  84 %  of  the  recombination 
energy,  4.3  eV,  is  retained  by  the  In  which  of  the  four  possible  forms  Is 

this  energy? 

It  is  probably  not  in  electronic  energy,  at  least  not  in  the  4-5  eV 
states,  because  the  molecules  typically  carry  away  80-95%  of  the  energy,  even 
where  the  surfaces  appear  to  be  relatively  inert  to  production  of  the  4-5  eV 
states.  On  the  other  hand,  cobalt  is  one  of  the  more  efficient  O2*  producers, 
yet  retains  only  33%  of  the  recombination  energy.  It  thus  appears  that  gen¬ 
eration  of  the  4-5  eV  states  is  a  relatively  minor  process  in  the  overall 
energy  disposal. 

As  for  the  other  two  excited  states,  a*Ag  and  b^Eg+,  the  average  energy 
content  of  the  molecules  is  4.3  eV,  and  these  two  states  have  electronic 
energies  of  1.0  and  1.6  eV,  respectively.  Therefore,  most  of  the  energy  must 
lie  in  another  form,  regardless  of  the  electronic  state  generated. 

Although  there  is  no  a  priori  reason  to  exclude  translational  energy  as 
the  sink,  it  would  be  extremely  unusual  to  find  a  large  fraction  of  the  recom¬ 
bination  energy  appearing  as  repulsion  of  the  molecule  from  the  surface. 


Table  6 

OXYGEN  ATOM  RECOMBINATION  ON  VARIOUS  METALS3 


Recombination 
Coefficient  v 


Energy 

Accommodation 

Coefficient 


Furthermore,  because  the  process  seems  to  occur  with  comparable  efficiencies 
with  most  metals,  it  is  difficult  to  believe  that  it  would  not  be  well 
known.  Nevertheless,  it  cannot  be  excluded  for  the  moment,  although  an 
interaction  of  this  type  would  be  easily  detectable  by  time-of-f light 
measurements. 

He  are  thus  left  with  the  rotational  and  vibrational  modes  as  the  most 
likely  forms  for  the  recombination  energy,  but  with  the  total  amount  of  energy 
being  so  large,  rotational  energy  can  account  for  only  a  small  fraction.  This 
can  be  shown  by  example:  if  only  v*l  and  J*50  are  considered,  then  the  rota¬ 
tional  energy  content  is  more  than  twice  as  large  as  the  vibrational  (for  the 
case  of  O2),  whereas  if  v*10  and  J*50,  then  80%  of  the  energy  is  vibra¬ 
tional.  Because  4.3  eV  corresponds  to  v*28  in  the  O2  ground  state,  it  is  evi¬ 
dent  that  the  vibrational  mode  is  where  to  look  for  the  energy,  which  is  the 
case  even  when  considering  the  a  and  b  states. 

If  true,  this  leads  to  the  interesting  conclusion  that  near-surface 
chemistry  under  these  circumstances  should  lead  to  unique  products;  that  is, 
different  products  will  be  obtained  when  a  substrate  is  acted  upon  by  highly 
vibrationally  excited  0^  than  when  it  reacts  with  an  O/O2  mixture.  The  simi¬ 
larly  low  energy  accommodation  coefficients  for  several  of  the  metals  shown  in 
Table  5  suggest  that  they  should  have  comparable  catalytic  efficiencies  for 
such  processes. 

The  variation  in  energy  accommodation  with  temperature  is  usually  cast  in 
the  form  of  the  Lindemann-Hinshelwood  (LH)  vs  Eley-Rideal  (ER)  mechanisms, 
where  the  former  refers  to  atom  migration  over  the  surface  until  two  atoms 
meet  and  recombine,  and  the  latter  assumes  that  a  gas  phase  atom  pulls  off  a 
chemisorbed  atom  without  itself  bonding  to  the  surface.  Thus,  in  the  ER 
mechanism,  the  molecule  leaving  the  surface  can  have  as  much  energy  as  the 
recombination  energy  minus  the  metal-oxygen  bond  energy,  that  is,  a  large 
fraction  of  the  recombination  energy.  When  a  small  energy  accommodation  coef¬ 
ficient  is  measured,  it  is  often  proposed  that  this  is  a  demonstration  of  the 
Rldeal  mechanism,  as  discussed  by  Halpern  and  Rosner^  for  the  case  of  N  atom 
recombination. 

With  the  LH  mechanism,  the  fact  that  the  two  atoms  must  each  break  a  sur¬ 
face  bond  suggests  that  less  energy  is  available  to  the  departing  molecule. 

In  addition,  the  concept  that  both  atoms  are  bonded  to  the  surface  as  the  new 


bond  Is  forming  leads  Co  Che  idea  ChaC  energy  Cransfer  is  likely  Co  be  more 
efficlenc  chan  in  che  ER  case,  also  resulclng  in  reduced  energy  Co  Che  new 
molecule. 


Decreasing  acomlc  surface  coverage  favors  Che  LH  over  Che  ER  mechan¬ 
isms.  This  Is  because  aComs  migraclng  over  a  surface  will  evenCually  find  a 
parcner,  whereas  a  gas  phase  acom  scrlklng  a  bare  sice  will  be  reflecCed  and 
fail  Co  recombine.  In  Chis  way,  as  CemperaCure  increases  and  surface  coverage 
decreases,  ic  is  ofCen  proposed  ChaC  Che  energy  accommodaCion  coefficienc  will 
increase,  and  fewer  energeCic  molecules  will  leave  Che  surface. 

However,  a  corollary  of  such  a  mechanism  is  ChaC  fewer  acorns  scick  Co  Che 
surface  as  che  CemperaCure  is  raised  and  che  surface  recomblnaCion  coefficienc 
should  decrease.  Ho  such  effecc  has  been  observed;  in  general  more  acorns  are 
lose  aC  Che  higher  CemperaCure,  paralleling  che  decreased  glow  incenslcy.  Ic 
cherefore  appears  ChaC  alchough  Che  available  recomblnaCion  energy  flux  is 
increasing,  less  of  1C  can  be  used  Co  excice  che  UV  glow. 

8.  VlbraCionally  ExclCed  0^  GeneraCed  aC  Surfaces 

taring  ocher  experlmenCs,  we  searched  for  evidence  of  Che  producCion  of 
vibraclonally  exclCed  ground  sCaCe  O2  (O^)  near  a  nickel  surface  in  che  pre¬ 
sence  of  sub8CanClal  concencradons  of  acomlc  oxygen. 

In  Cwo  ocher  sysCems,  we  learned  ChaC  laser-induced  fluorescence  in  Che 
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O2  (B-X)  Schumann-Runge  CranslCion  was  an  excellenC  way  of  deCecCing  0^  over 
a  greaC  range  of  vlbraClonal  levels.  We  found  ChaC  in  an  aCmospherlc  pressure 
CH4/O2  flame,  ic  was  possible  Co  deCecC  0^  wich  greaC  senslClviCy  over  Che 
range  v*9-16.^^  IC  is  cerCainly  praccical  Co  make  Chese  measuremenCs  aC  lower 
vlbraClonal  levels,  and  from  Che  signal-Co-noise  rado  in  our  sysCem  and  based 
on  Che  assumpCion  ChaC  Che  dlsCribuClon  is  Chermal  aC  2000  K,  higher  levels 
can  easily  be  probed  up  Co  aC  lease  v«20. 

In  a  sCudy  of  muldphoCon  dissociaClon  of  NO2  in  Che  510-532  nm  region, 
we  dupllcaCed  Che  experlmenCs  of  MaCsuml  eC  al,^  showing  ChaC  very  high  0^^ 
levels  are  generaced,  v**24  being  Cypical.  In  chis  inseance,  we  find  ChaC 
chese  levels  are  noc  produced  as  primary  produces,  buC  originaCe  in  a  secon¬ 
dary  reacClon  beCween  NO2  and  a  primary  species,  raosC  probably  O^S). 


With  this  experience,  we  searched  for  Indications  of  in  the  region 
1  mm  above  a  nickel  surface,  with  oxygen  atom  densities  on  the  order  of 
50  mtorr  entering  the  interaction  region.  With  the  configuration  in  use,  it 
was  not  possible  to  determine  oxygen  atom  losses  caused  by  the  introduction  of 
the  metal  surface,  but  a  value  of  10%  for  a  1  cm  sample  is  a  reasonable  esti¬ 
mate.  Although  this  figure  may  be  relatively  high  in  terms  of  02^  generated 
at  a  surface  (with  a  flow  rate  of  1  liter/s,  2  x  10^7  molecules/s  of  O2  are 
produced),  in  a  steady-state  system,  the  02^  density  would  be  controlled  by 
the  dominant  loss,  which  would  almost  certainly  be  quenching  by  oxygen 
atoms.  The  rate  coefficient  for  the  process 

0(3P)  +  02#  +  (X3P)  +  O2  (3) 

could  be  on  the  order  of  10~**  cm3  molec-*  s~*,  corresponding  to  a  loss  rate 
of  1.6  x  10^  s"1  at  50  mtorr  0(3P)  or  a  lifetime  for  02^  of  60  us.  It  is 

unlikely  that  quenching  by  the  majority  species,  O2,  is  nearly  as  effective  as 

quenching  by  oxygen  atoms  because  of  the  lack  of  energy  resonance  between  high 
v  levels  of  O2  and  v-0. 

The  time  required  for  a  particle  to  traverse  1  mm  at  a  total  pressure  of 
1  torr  (the  pressure  of  the  experiment)  can  be  approximately  calculated  from 
the  theory  of  the  random  walk  in  three  dimensions which  leads  to  the  con¬ 
clusion  that  after  60  ps,  the  most  probable  position  for  a  particle  is  2  mm 

from  its  point  of  origin.  Thus,  LIF  measurements  on  0^  1  mm  from  the  Ni  sur¬ 

face  should  adequately  avoid  oxygen  atom  quenching,  unless  the  rate  coeffi¬ 
cient  is  much  larger  than  assumed. 
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The  sensitivity  to  O2  concentrations  of  the  laser-monochromator  combin¬ 
ation  used  in  these  experiments  can  be  approximated  from  our  flame  studies. 

We  have  not  yet  conducted  an  extensive  demonstration  that  the  vibrational  dis¬ 
tribution  of  O2  in  these  flames  is  thermal;  however,  because  the  most  intense 

it 

concentration  of  C>2  is  found  in  the  burnt  gases  and  not  in  the  combustion 

a 

region,  it  seems  reasonable  that  the  source  of  the  O2  is  entrainment  of 
surrounding  air.  The  highest  level  we  have  found  to  date  is  v«16,  a  level 
lying  22,000  cm~*  above  v«0.  On  the  assumption  of  2000  K  thermal  equilibrium, 
the  ratio  [v“16]/[v*0]  is  1.3  x  10-7.  As  the  density  of  C>2  in  air  at  2000  K 
is  7  x  1017  cm-3,  the  density  of  02(v*16)  is  then  9  x  10^  cm-3  at  1  atm. 


Estimating  that  the  burnt  gases  in  the  flame  contain  10%  entrained  02,  the 
02(v“16)  density  becomes  9  x  10^  cm”^.  The  spectral  scan  for  this  level  is 
shown  in  Figure  10,  Indicating  that  it  is  easily  measurable. 

Given  that  10%  of  atoms  are  converted  to  O2  at  the  nickel  surface  and 
that  there  is  little  quenching  of  0^  within  the  first  1  mm,  the  total  sur¬ 
face-generated  O2  concentration  within  that  region  is  estimated  to  be 
2  x  10^  cm-'*.  From  the  results  of  Melin  and  Madix,^®  the  average  molecule 
carries  4.3  eV  energy  away  with  it.  If  we  take  the  very  conservative  view 
that  this  energy  is  distributed  among  six  electronic  states  and  the  full  range 
of  their  vibrational  levels,  then  about  1%  of  the  recombined  O2  molecules 
(2  x  10  cm  )  is  estimated  to  be  in  v*16  of  the  ground  state.  If  this  were 
so  and  if  the  rotational  distribution  were  no  hotter  that  that  for  the  flame 
study,  an  LIF  signal  far  greater  than  that  shown  in  Figure  10  would  result. 

In  fact,  no  signal  was  observed  for  the  levels  v<”9,16,24  that  we  probed. 

Because  these  measurements  were  obtained  during  another  study,  not  as 
much  time  was  devoted  to  them  as  would  have  been  necessary  to  extract  small 
signals  from  the  data.  If  we  accept  the  Melin  and  Madlx  results,  and  similar 
results  from  other  laboratories,  it  is  difficult  to  see  where  else  the  recom¬ 
bination  energy  can  reside.  One  possibility  is  that  generation  of  vibration- 
ally  excited  (^(a)  and  (^(b)  is  more  important  than  (^(X),  and  that  this 
energy  degrades  to  (^(X)  in  a  time  long  compared  with  that  determined  by  our 
viewing  geometry.  There  is  at  present  no  LIF  technique  suitable  for  detection 
of  these  two  states.  The  same  can  be  said  for  the  three  Herzberg  states, 
which  can  only  be  detected  by  their  feeble  radiation;  obviously,  LIF  probing 
that  did  not  depend  on  their  long  radiative  lifetimes  would  offer  a  great 
advantage  in  determining  their  production  rates.  Nevertheless,  further 
research  on  O2  detection  would  be  worthwhile.  To  deal  with  the  problem  in 
its  entirety,  it  is  important  to  measure  the  various  parameters  in  a  single 
experiment.  For  example,  to  be  certain  of  the  energy  balance,  it  is  necessary 
to  carry  out  the  thermal  measurements,  determining  the  oxygen  atom  loss  rate 
at  the  surface  while  also  measuring  the  thermal  accommodation  coefficient. 
There  is  no  reason  why  a  concerted  effort  in  this  direction  could  not  result 
in  a  greatly  improved  understanding  of  the  system. 
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Effects  of  Enhanced  Atom  Densities  on  Surface  Glows 


The  lack  of  detection  of  a  signal  from  0^  under  conditions  of  greatly 
enhanced  oxygen  atom  densities  above  those  used. for  the  earlier  glow  experi¬ 
ments  caused  us  to  wonder  about  the  magnitude  of  the  UV  glows  in  such  a  high 
atom  system.  With  atom  densities  in  the  1-3  mtorr  range,  we  typically  found 
that  the  nickel  surface  would  increase  the  glow  intensity  by  two  orders  of 
magnitude  over  that  observed  in  homogeneous  recombination.  We  expected  to  see 
similar  enhancements  using  the  intense  atom  source,  in  which  case  it  would 
have  been  possible  to  obtain  high  resolution  spectra  of  these  emissions. 

In  fact,  although  the  homogeneous  UV  glow  was  greatly  increased  with  atom 
densities  of  ~100  mtorr,  approximately  linearly  with  the  atom  density,  the 
effect  of  introducing  the  nickel  surface  resulted  in  no  glow  enhancement. 
Substantial  atom  losses  were  encountered  on  the  nickel  surface,  typically  30% 
for  a  2-cm  sample,  and  the  temperature  rose  substantially.  It  is  estimated 
to  have  been  several  hundred  degrees  Celsius,  based  on  observations  of  wires 
glowing  red. 

Thus,  we  at  least  have  a  consistent  picture  in  that  high-atom  densities 
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led  to  neither  detectable  02  densities  nor  to  generation  of  the  high  O2 

states.  The  effect  of  elevated  temperatures  was  noted  in  the  early  work  of 
6—8 

Harteck  et  al,  in  which  cooling  was  found  to  be  necessary  for  UV  glow  pro¬ 
duction,  and  this  effect  is  substantiated  by  our  data  in  Figure  6. 

Nevertheless,  this  does  not  necessarily  bring  us  closer  to  understanding 
the  cause  of  these  observations.  The  question  of  the  disposition  of  the 
recombination  energy  is  still  the  critical  issue,  and  if  the  heating  of  the 
surface  is  an  indication  that  some  of  the  energy  remains  behind,  literature 
results  indicate  that  even  at  high  temperatures,  much  of  the  energy  is  still 
carried  away  by  the  recombined  molecules.  The  work  of  Melin  and  Madix^®  was 
performed  at  close  to  room  temperature,  and  thus  does  not  relate  to  the  high 
atom  density  data.  However,  in  a  more  recent  study  by  Halpern  and  Rosner^1  on 
N-atom  recombination,  energy  accommodation  coefficients  were  measured  at  high 
temperatures  on  a  variety  of  metals.  It  was  establised  that  there  is  con¬ 
siderable  variation  from  surface  to  surface,  but  values  at  the  lowest  tempera¬ 
tures  measured  for  each  metal  ranged  from  1.0  for  Co  at  400  K  to  0.2  for  Re 
and  W  at  1400  K.  Since  the  recombination  energy  of  No  is  9.8  eV,  this  means 


that  for  the  latter  case,  the  departing  molecules  carry  away  8  eV  in  modes  not 
yet  identified. 


There  is  certainly  evidence  in  various  systems  that  recombined  molecules 
carry  off  internal  energy.  For  example,  Kori  and  Halpern^  demonstrated  that 
in  the  recombination  of  0  and  CO  on  a  Ft  surface,  the  departing  CO2  carries 
away  more  than  2  eV  as  vibrational  energy.  We  still  need  to  demonstrate  such 
effects  for  O2. 

10.  Contaminant  Effects  on  Energy  Accommodation 

It  is  not  yet  possible  to  conclude  that  temperature  alone  is  the  cause 
for  lack  of  detection  of  either  UV  glows  or  Cfy*  from  the  high  0  atom  experi¬ 
ments.  The  unique  feature  about  the  0-atom  source  is  that  concentrations  of 
~100  mtorr  in  1  torr  O2  are  attained  by  coating  the  walls  of  the  discharge 
region  with  metaphosphoric  acid.  Although  this  may  act  to  prevent  wall  deac¬ 
tivation  to  some  extent,  this  cannot  be  the  principal  effect,  since  0-atom 
wall  losses  on  Pyrex  or  quartz  are  not  large  enough  to  explain  the  two  order- 
of-magnitude  increase  in  0  atoms  that  are  observed.  We  presume  that  there  is 
some  chemical  Interaction  in  the  plasma  region  that  enhances  the  0  atom  densi¬ 
ties,  which  at  the  same  time  may  well  lead  to  system  contamination.  We  have 
already  shown  that  NO  or  NO2  seriously  degrade  the  ability  of  Ni  surface  to 
generate  the  UV  glow,  possibly  as  a  result  of  nitride  formation.  It  would  not 
be  surprising  to  find  that  in  the  high  0-atom  source,  generation  of  metal 
phosphides  might  have  a  similarly  deleterious  effect  on  glow  production. 

We  have  noted  that  when  a  new  nickel  surface  is  put  into  the  high-atom 
system  and  the  discharge  is  turned  on,  there  is  an  initial  enhancement  of  the 
UV  glow  over  the  homogeneous  glow,  by  a  factor  of  ~4,  and  then  within  a  minute 
the  glow  is  down  to  the  previous  level.  This  can  be  interpreted  as  either  an 
effect  of  increasing  temperature,  or  the  result  of  contaminants  from  the  dis¬ 
charge  stopping  the  activity  of  the  surface.  Which  cause  is  in  fact  respon¬ 
sible  will  have  to  be  determined  by  cooling  the  surface.  It  would  be  extrem¬ 
ely  Interesting  if  it  can  be  demonstrated  that  in  such  a  system,  metal  surface 
temperatures  can  be  controlled  by  the  materials  in  the  discharge  stream.  From 
a  practical  point  of  view,  the  possibility  of  affecting  surface  temperatures 
of  reentering  space  vehicles  is  a  very  Important  issue. 


We  investigated  various  surfaces  to  determine  their  efficiency  in  deacti¬ 
vating  (^(a).  One  of  the  principal  goals  of  the  experimental  program  was  to 
determine  the  surface  reactivity  of  this  molecule  with  substrate  materials 
although  the  practical  application  was  related  to  decontamination  problems. 

The  apparatus  used  to  study  production  of  the  higher  O2  states  was  modi¬ 
fied  for  this  series  of  experiments  in  two  ways.  The  atoms  coming  from  the 
discharge  were  destroyed  by  a  mercuric  oxide  surface  before  reaching  the  test 
region,  so  as  not  to  have  simultaneous  02(a)  production  and  loss.  The  mole¬ 
cule  was  not  detected  in  the  usual  manner  of  monitoring  its  IR  radiation  at 
1.27  pm,  but  by  measuring  its  VUV  absorption  at  128.4  nm,  a  technique  that  we 
had  previously  developed. 

02(a)  was  generated  by  an  O2  microwave  discharge,  in  which  typically 
5-10Z  of  the  molecules  are  excited  to  the  a^Ag  state.  Because  the  VUV  absorp¬ 
tion  cross  sections  have  been  measured  by  Ogawa  and  Ogawa,^»®  we  were  able  to 
measure  absolute  concentrations  downstream  of  the  test  region,  although  it  was 
then  necessary  to  estimates  the  Pyrex  wall  loss  rates  to  extrapolate  back  to 
the  concentration  at  the  test  surfaces.  However,  relative  loss  rates  were  of 
more  significance  than  the  absolute  values.  To  determine  relative  destruction 
rates,  we  mounted  the  samples  on  an  aluminum  holder  and  measured  the  down¬ 
stream  (^(a)  concentrations  with  and  without  the  samples  in  the  gas  stream. 

It  was  established  that  aluminum  itself  is  inert  to  02(a). 

The  results  of  room  temperature  studies  are  listed  in  Table  7  in  order  of 
decreasing  02(a)  removal  efficiency.  From  comparisons  of  the  loss  ratios  for 
a  given  sample  size,  it  is  apparent  that  the  most  effective  metals  are  Cu,  Ag, 
and  Co,  with  the  next  group  including  Ni,  Fe,  Pt,  and  Pd.  On  a  periodic 
table,  these  seven  metals  are  contiguous,  and  what  is  particularly  striking  is 
that  this  group  contains  the  metals  Ni,  Pd,  and  Pt  that  we  have  shown  to  be 
the  most  effective  at  generating  the  4-5  eV  0^  states  from  0(^P)  surface 
recombination.  Harteck  and  co-workers  also  found  Co  and  Fe  to  be  effective 
in  this  respect,  so  that  except  for  Cu  and  Ag,  there  is  a  qualitative  equiva¬ 
lence  between  those  metals  generating  the  4-5  eV  states  and  those  that  destroy 
02(a).  A  realistic  model  must  predict  both  of  these  effects,  which  are  in  a 
certain  sense  contradictory,  as  effective  surface  loss  of  02(a)  suggests  that 


Table  7 


RELATIVE  02(a1Ag)  SURFACE  LOSS  RATES 


Surface 

[°?(a)]ft/[0,(a)] 

Sample  Size 

Cu 

2.25*0.15 

A 

Cu(acid-cleaned) 

A. 77 

B 

Cu(oxidlzed) 

4.52 

B 

Ag 

2.00 

A 

Monel(Cu/Ni) 

1.90 

A 

Co 

1.90*0.05 

A 

Fe 

1.50*0.05 

A 

Ni 

1.50*0.05 

A 

Ni( uncleaned) 

4.30 

B 

Nl  (acid-cleaned) 

4.00 

B 

Pb 

1.34 

A 

Mn 

1.25 

A 

Sn 

1.22*0.02 

A 

Cr 

1.19 

A 

Mo 

1.17*0.03 

A 

Zn 

1.17 

A 

Ta 

1.12*0.03 

A 

A1 

1.10*0.05 

A 

Hg 

1.04 

A 

Cu 

1.53 

C 

Nl 

1.33 

C 

Pd 

1.32*0.03 

C 

Pt 

1.27 

C 

Rh 

1.19*0.02 

C 

Ir 

1.10*0.08 

C 

Sc 

1.10*0.04 

C 

In 

1.07*0.05 

C 

Au 

1.06*0.03 

C 

W 

1.05*0.02 

C 

Ti 

1.05*0.03 

C 

Zr 

1.05 

C 

Scotchguard 

1.04 

A 

PVC 

1.05 

A 

Graphite 

1.28 

1 .4”x2” 

Alumi na 

1.04 

A 

Sample  Sizes  A 

2"x2” 

B 

cylindrical  configuration 

C 

l"xl" 

Chere  Is  good  coupling  between  the  0>2  and  surface  phonons,  whereas  surface 
generation  of  O2*  without  energy  accommodation  indicates  the  opposite. 

The  data  in  Table  7  also  show  that  the  0^(a)  destruction  efficiency  is 
independent  of  gross  surface  treatment,  which  implies  that  in  all  cases  the 
surfaces  affected  by  the  02(a)  are  metallic  oxides,  not  an  unexpected  conclu¬ 
sion.  Of  the  substantial  mmber  of  organic  materials  tested,  all  have  acti¬ 
vities  comparable  to  those  of  the  most  inert  metals. 

12.  Temperature  Effects  on  Surface  Destruction  of  (^(a^Ag) 

Figures  11  through  13  show  data  on  the  response  of  the  downstream  02(a) 
concentration  to  introduction  of  temperature-controlled  metal  surfaces.  There 
are  some  differences  in  sample  size,  which  should  be  noted  when  making  com¬ 
parisons,  and  the  expected  logarithmic  relationship  was  not  observed  between 
02(a)  loss  and  surface  area,  presumably  a  consequence  of  the  flow  patterns  in 
the  reaction  cell.  To  compare  equal  size  samples,  reference  should  be  made  to 
Table  7.  Because  a  calculated  surface  loss  rate  coefficient  (y)  would  from 
our  data  appear  to  depend  on  surface  area,  these  values  have  not  been  tabu¬ 
lated.  However,  it  is  useful  to  estimate  the  size  of  y,  because  it  is 
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generally  much  larger  than  values  quoted  for  Pyrex  surfaces.  This  can  be 
obtained  by  comparison  with  oxygen  atom  loss  on  surfaces  for  which  y  is 
known.  Greaves  and  Linnett^®  quote  a  value  for  y  of  0.028  for  O-atoms  on  Ni, 
for  which  we  typically  find  0-atom  losses  of  30Z  for  an  8-in  sample. 

Figure  13  shows  such  a  loss  (IQ/I  ■  1.4)  at  about  room  temperature  on  the  same 
size  sample,  so  the  y  in  the  two  cases  is  comparable  (slightly  larger  for 
02(a),  as  its  velocity  is  less).  However,  it  is  more  instructive  to  compare 
the  profiles  in  Figures  11  through  13. 

Some  hysteresis  effects  were  observed,  although  they  did  not  seriously 
affect  the  data.  For  consistency,  each  experiment  was  performed  by  bringing 
the  samples  up  to  the  high  temperature,  then  taking  data  as  the  temperature 
was  reduced  down  to  the  lowest  point. 

Various  effects  were  observed  for  the  surfaces  investigated.  Silver  has 
by  far  the  highest  loss  rate  at  low  temperatures,  but  is  much  less  effective 
in  removing  (^(a)  at  high  temperatures.  At  200°C,  it  is  exceeded  in  effi¬ 
ciency  by  almost  every  other  metal  except  Al.  Nickel  is  inert  compared  with 
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silver  at  low  temperatures,  but  becomes  the  most  active  metal  at  high 
temperatures.  Lead,  which  had  little  activity  in  UV  glow  generation,  has 
considerable  activity  in  (^(a)  destruction  at  200°C.  Aluminum,  as  always,  is 
inert. 

With  such  effects,  it  is  evident  that  the  comments  in  the  previous  sec¬ 
tion  pointing  out  the  similarity,  at  300  K,  between  those  metals  that  exhibit 
effective  UV  glow  generation  and  those  that  show  high  (^(a)  destruction  effi¬ 
ciency,  are  not  illuminating.  Because  ordering  the  various  metals  in  terms  of 
(^(a)  destruction  effectiveness  depends  on  temperature,  there  is  not  enough 
information  to  draw  valid  conclusions. 

It  is  interesting  to  note  that  most  of  the  materials  do  not  exhibit  mono¬ 
tonic  behavior  with  temperature.  Thus,  the  maximum  in  02(a)  destruction  effi¬ 
ciency  observed  for  silver  at  80°C  seems  to  occur  for  nickel  at  higher  temper¬ 
atures  (250°C) ,  whereas  Pb  and  Co  appear  to  reach  a  maximum  at  200°C. 

In  comparing  different  metals,  one  obvious  area  where  our  knowledge  is 
minimal  is  in  understanding  how  the  02(a)  is  quenched  at  the  surfaces.  Reac¬ 
tion  is  one  possibility;  presumably  the  excited  molecule  is  a  more  efficient 
oxidizer  than  ground  state  O2.  It  is  possible  that  interaction  with  chemi¬ 
sorbed  O2  on  the  surface  converts  the  1  eV  electronic  energy  to  the  equivalent 
vibrational  energy  in  the  ground  state  (v*5) ,  a  process  invoked  by  Parker^1 
for  homogeneous  02(a)  quenching.  Another  scenario  is  that  the  energy  is 
coupled  to  the  lattice  on  collision,  resulting  in  a  high  value  for  the  energy 
accommodation  coefficient,  and  in  principle  the  electronic  energy  could  also 
be  converted  to  recoil  energy,  resulting  in  fast  O2  molecules  leaving  the  sur¬ 
face.  From  only  the  data  shown  in  Figures  11  through  13,  it  is  not  possible 
to  sort  out  these  alternatives.  Probing  the  vibrational  temperature  of  the 
molecules  near  the  surface  would  be  most  helpful  in  clarifying  these  issues 
because  vibrational  energy  can  be  considered  as  one  of  the  last  repositories 
of  the  energy  content  of  a  system.  Ultimately,  transfer  to  kinetic  energy 
occurs,  but  usually  this  is  a  slow  process,  so  detection  of  vibrational  energy 
in  the  ground  state  of  a  molecule  should  provide  one  of  the  best  clues  to 
internal  energy  content  (for  molecules  such  as  and  N2 ,  where  radiative 
channels  are  rarely  important). 


Ill  DISCUSSION 


This  discussion  is  limited  to  the  unpublished  material,  involving  oxygen 
atom  recombination  and  0^(a*Ag)  loss  on  metal  surfaces.  The  major  results  of 
this  study  are  summarized  below 

(1)  Practical  surfaces  can  be  characterized  in  terms  of  the  production 
and  loss  processes  that  were  studied.  In  other  words,  even  though 
the  measurements  were  performed  at  substantial  pressures  and  the 
surfaces  were  oxidized  to  some  degree,  each  surface  has  a  fairly 
unique  signature.  This  is  particularly  true  for  the  temperature 
studies  and  is  a  strong  indication  that  the  measurements  are 
related  to  some  aspect  of  the  substrate  properties.  Thus,  it 
cannot  be  argued  that  at  the  pressures  used,  physically  absorbed  O2 
molecules  and  system  contaminants  mask  the  true  Interactions 
between  the  surfaces  and  the  atoms  and  excited  molecules.  It  has 
not  yet  been  demonstrated  that  this  is  the  case  for  the  high 
intensity  oxygen  atom  source,  where  contamination  may  play  an 
important  role. 

(2)  There  are  apparent  correlations  between  the  effectiveness  of  metals 
in  generating  the  UV  glow  and  certain  physical  properties  of  the 
metals.  In  particular,  we  have  shown  that  the  electronic  heat 
capacity  of  metals  bears  some  relationship  to  the  UV  glow,  at  least 
at  300  K.  An  extended  survey,  using  a  group  of  metals  selected  for 
their  high  and  low  electronic  heat  capacities,  would  substantiate 
whether  this  correlation  is  predictive  and  therefore  useful. 

(3)  The  high  temperature  (T  <  250°C)  behavior  of  the  various  metals  in 
terms  of  UV  glow  generation  seems  to  be  related  to  their  periodic 
chart  grouping.  The  three  transition  elements  Fe,  Co,  and  Ni, 
although  having  considerably  different  efficiencies  for  generating 
the  glow,  exhibit  the  same  temperature  profile,  with  a  sharp 


extinction  of  glows  taking  place  in  the  100-2008C  region.  On  the 
other  hand,  the  noble  metals  Pt  and  Au  show  only  a  slight  decrease 
in  glow  production  on  heating,  becoming  more  effective  than  the 
best  room  temperature  surface,  Ni,  above  1608C. 

(4)  Comparisons  of  UV  glows  from  nickel  alloy  surfaces,  indicate  that 
their  intensity  is  proportional  to  the  fraction  of  nickel  in  the 
alloy,  regardless  of  the  other  components.  This  again  demonstrates 
the  sensitivity  of  glow  production  to  the  substrate,  as  opposed  to 
adsorbed  materials. 

(5)  In  the  destruction  of  O^a^Ag)  on  metal  surfaces,  300  K  data 
suggest  similarities  to  the  UV  glow  process  in  that  the  same  metals 
are  effective  in  the  two  systems.  Furthermore,  at  high 
temperatures  the  transition  elements  Fe,  Co,  and  Nl  become  even 
more  effective.  Very  Interesting  behavior  is  shown  by  silver, 
which  is  highly  effective  at  destroying  02(a)  below  100°C,  but 
becomes  Ineffective  by  the  time  the  temperature  has  reached 
200°C.  (ki  the  other  hand,  the  usually  inert  lead  shows  consider¬ 
able  activity,  particularly  at  high  temperature.  It  is  clearly 
Important,  both  in  the  02(a)  and  UV  glow  studies,  to  Instrument  the 
system  so  that  it  is  possible  not  only  to  observe  the  generation 
and  loss  of  the  excited  O2  species,  but  also  to  determine  how 
energy  accommodation  varies  with  temperature  and  to  search  for  the 
species  expected  to  be  the  prime  carrier  of  energy  away  from  these 
surfaces,  vibratlonally  excited  0^.  We  have  demonstrated  our 
ability  to  measure  O2 over  a  wide  range  of  vibrational  levels. 

(6)  Application  of  Auger  spectroscopy  has  shown  that  chemisorbed  oxygen 
is  in  general  limited  to  the  top  monolayer  of  these  surfaces,  the 
ratio  of  oxygen  to  metal  atoms  being  sharply  lower  in  the  next 
layer.  Thus,  the  metal  is  exposed  even  in  the  top  layer  to 
incoming  atoms  and  02(a),  and  we  are  reasonably  justified  in 
claiming  that  this  work  refers  to  recombination  on  metal,  rather 
than  oxide,  surfaces. 


(7)  Spectra  of  400-600  nm  emission  were  o’  talned  from  0  atom 
recombination  on  N1  and  Pt  surfaces.  There  is  no  substantial 
difference  between  the  electronic  state  and  vibrational  energy 
distributions  in  these  two  cases.  By  comparison  with  published 
surface-generated  spectra,  it  is  clear  that  the  distributions  are 
determined  by  the  gas  phase  composition,  not  by  the  heterogeneous 
recombination  process  itself.  Thus,  it  cannot  as  yet  be  proven 
that  the  molecule  that  ultimately  radiates  is  in  fact  produced  at 
the  surface.  Precursor  molecules  have  been  proposed,  and  it  seems 
most  likely  that,  if  there  is  a  precursor,  it  mist  be  a  highly 
vibrationally  excited  molecule,  possibly  in  the  ground  electronic 
state.  Published  data  indicate  that  300  K  energy  accommodation 
coefficients  for  many  of  the  metals  that  we  investigated  are  very 
low,  typically  10%.  There  is  thus  every  reason  to  expect  that 
large  fluxes  of  highly  excited  molecules  are  leaving  the  surfaces; 
their  identity  is  yet  to  be  determined. 

(8)  Although  most  experiments  were  conducted  in  the  1-5  mtorr  0(  P) 
range,  we  have  now  developed  a  source  that  is  capable  of  producing 
100-150  mtorr  0(^P)  at  1  torr  total  pressure.  Preliminary 
indications  show  that,  although  the  homogeneous  UV  glow  is  strongly 
enhanced  at  these  high  atom  densities,  there  is  no  UV  glow 
associated  with  recombination  on  a  nickel  surface.  As  we  have 
shown  how  sensitive  this  process  is  to  temperature,  it  is  not 
surprising  to  find  that  the  very  hot  surface  that  develops  under 
these  conditions  is  not  conducive  to  generation  of  the  UV  glow. 
However,  the  possibility  also  exists  that  contamination  associated 
with  reactions  in  the  microwave  discharge  has  a  deleterious  effect 
on  glow  generation.  It  is  of  great  interest  to  determine  whether 
in  such  an  experiment  the  recombination  energy  is  retained  by  the 
metal  or  whether  it  leaves  the  surface  with  the  molecule.  It  is 
yet  to  be  determined  whether  cooling  the  surface  will  result  in  a 
greatly  enhanced  UV  glow,  which  would  then  distinguish  between 
thermal  and  contaminant  effects. 


IV  RECOMMENDATIONS 


The  critical  issue  in  the  interaction  of  surfaces  with  excited  molecules, 
either  formed  in  situ  as  in  atom  recombination  or  transported  to  the  surface, 
is  the  disposition  of  the  energy.  We  have  only  scratched  the  surface,  so  to 
speak,  in  studying  these  effects  with  oxygen  because  we  believe  that  the 
energy  associated  with  the  molecules  radiating  in  the  UV  is  only  a  fraction  of 
the  recombination  energy,  whereas  other  experiments  indicate  that  most  of  this 
energy  is  carried  away  by  the  recombined  molecule.  The  first  priority  is  to 
learn  whether,  as  we  suspect,  the  active  energy  mode  is  the  vibrational  one. 
Such  experiments  will  involve  incorporation  of  a  dye  laser  into  the  system. 

Considerable  credence  has  been  given  to  the  energy  accommodation  coeffi¬ 
cient  measurements  presented  by  Melin  and  Madix,^®  which  have  shown  that  at 
300  K,  oxygen  atoms  result  in  low  values  on  a  number  of  surfaces.  To  our 
knowledge,  no  further  work  has  substantiated  these  results,  and  before  exten¬ 
sive  measurements  are  made,  it  makes  sense  to  demonstrate  that  indeed  most  of 
the  recombination  energy  is  not  tranf erred  to  the  surfaces. 

It  is  important  to  identify  the  physical  and/or  chemical  properties  of 
the  metals  that  determine  their  reactivity.  Measuring  production  or  loss  of 
excited  species  at  a  single  temperature  can  be  misleading.  It  appears  that 
temperature  profile  shapes  for  UV  glow  production  may  characterize  groups  of 
elements,  and  these  measurements  should  be  extended  beyond  those  that  we  have 
Investigated.  The  apparent  correlation  between  those  metals  producing  UV 
glows  and  their  electronic  heat  capacity  should  be  studied  further.  As  a  con¬ 
sequence  of  what  we  have  observed  so  far,  predictions  have  been  made  of  which 
uninvestigated  metals  might  be  particularly  effective  in  generating  the  UV 
glow  and  which  can  be  expected  to  be  relatively  inert. 

The  study  of  the  temperature  dependence  of  the  Oj(a)  surface  losses 
should  be  extended.  The  measurements  obtained  in  this  study  are  the  most 
quantitative  to  date  on  the  temperature  effects  for  both  0^*  production  and 
02(a)  loss,  and  it  would  be  instructive  to  investigate  02(a)  loss  at  higher 
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Abstract.  It  Is  argued  that  a  plausible  iden¬ 
tification  of  the  surface-originating  glow  that 
has  been  observed  on  the  AE-E  satellite  and  the 
space  shuttle  between  140  and  400  km  is  the  OH 
Melnel  band  system.  The  emission  appears  to  be 
generated  by  surface  interaction  with  5  eV  0(3P) 
atoms  at  high  altitude,  and  with  10  eV  O2  mole¬ 
cules  below  160  km.  The  primary  factors“that 
favor  this  identification  are  the  apparent  spec¬ 
tral  distribution  and  the  deduced  radiative  life¬ 
time,  and  if  valid,  implies  that  the  total  equiv¬ 
alent  surface  brightness  of  the  vehicles  is  on 
the  order  of  10  MR,  mainly  in  the  near  Infrared. 

In  recent  articles  by  Yee  and  Abreu 
(1982,  1983),  observations  made  from  the 
Atmospheric  Explorer  (AE-E)  satellite  are  des¬ 
cribed  which  indicate  that  there  is  a  source  of 
optical  emission  that  originates  on  the  satellite 
Itself.  It  is  the  purpose  of  this  letter  to  dis¬ 
cuss  the  effect  and  to  suggest  a  possible  expla¬ 
nation.  The  recent  spectacular  photographs  of  a 
similar  phenomenon  on  the  space  shuttle 
(Banks,  et  al,  1983;  Aviation  Week  and  Techno¬ 
logy,  1982)  indicate  that  the  mechanisms  are 
probably  the  same. 

The  data  of  Yee  and  Abreu,  confirmed  by  the 
space  shuttle  photographs,  show  that  the  emission 
is  a  strong  function  of  the  angle  between  the 
spacecraft  velocity  vector  and  either  the  direc¬ 
tion  of  view  or  the  surface  being  viewed.  The 
most  intense  radiation  comes  from  surfaces  facing 
the  direction  of  motion,  from  which  one  can  imme¬ 
diately  hypothesize  that  the  emission  is  caused 
by  collisions  with  the  particles  of  the  ambient 
atmosphere,  which  strike  the  surfaces  at 
8  km  a  . 

The  data  presented  by  Yee  and  Abreu  cover 
the  altitude  range  of  140-280  km,  and  the  satel¬ 
lite  measured  Nj  and  0(3P)  densities  at  the  same 
time  as  the  photometric  studies  were  made.  As 
pointed  out  by  these  authors,  it  is  quite  evident 
from  the  two  sets  of  data  shown  that  in  the 
160-280  km  range  there  is  a  strong  correlation 
between  emission  intensity  and  oxygen  atom  den¬ 
sity;  their  scale  heights  are  35  ±  2  km.  Thus, 
it  seen  most  likely  that  surface  interactions 
with  oxvgen  atoms  instigate  the  emission  process. 

At  altitudes  below  160  km  another  effect 
seems  to  set  in;  the  intensity  becomes  uncoupled 
from  the  local  atom  density,  and  rises  much 
faster  than  the  density.  The  questions  to  be 
answered  are,  what  is  the  particle  emitting  the 
radiation,  and  how  is  it  produced? 

The  two  strongest  pieces  of  evidence  that 
suggest  the  identity  of  the  emitter  are  the  wave¬ 
length  of  the  radiation,  and  the  dimensions  of 
the  radiating  region.  The  data  of  Yee  and  Abreu 
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were  taken  at  6563  A  and  7320  A,  with  more  inten¬ 
sity  at  the  longer  wavelength.  The  space  shuttle 
glow  appears  orange  in  the  photograph  and  it  Is 
reported  that  the  radiation  all  seems  to  be  above 
6000  A  (Banks,  1982). 

The  size  of  the  radiating  region  is  a  meas¬ 
ure  of  the  radiative  lifetime  of  the  emitter. 

A  particle  with  an  available  allowed  transition 
will  exhibit  a  radiative  lifetime  of  10“'  -  10_,i 
sec,  a  range  of  times  so  short  that  an  excited 
particle  generated  at  the  surface  will  radiate 
there,  and  would  therefore  not  be  detected  by  the 
photometer  on  the  AE  satellite.  On  the  other 
hand,  metastable  particles  will  exhibit  lifetimes 
10"J  sec  or  longer,  and  such  particles  leaving 
the  surface  will  cause  a  halo  to  appear  around 
the  spacecraft. 

The  space  shuttle  photograph  shows  that  the 
glow  is  not  localized  at  the  surfaces;  it  extends 
out  to  at  least  20  cm  from  the  skin.  At  the  tip 
of  the  tail,  there  is  a  fan-shaped  glow,  which 
appears  to  extend  for  meters.  Thus,  the  emitter 
has  a  relatively  long  lifetime,  an  exact  value 
for  which  can  be  extracted  from  the  observations 
only  by  making  an  assumption  about  the  velocity 
of  the  particle  leaving  the  surface.  Yee  and 
Abreu  made  such  a  calculation,  based  on  the  fall- 
off  of  intensity  as  the  photometer  scanned  awav 
from  the  spacecraft  velocity  vector.  They  con¬ 
cluded  that  the  data  were  best  fit  by  assuming  a 
particle  velocity  of  2  x  10’  cm  s“  and  a  radia¬ 
tive  lifetime  of  5  x  10“3  s.  The  product  of 
these  two  figures  is  10  meters,  so  the  glowing 
region  is  quite  extensive,  and  larger  than  indi¬ 
cated  by  the  space  shuttle  photographs,  although 
the  dynamic  range  of  the  film  should  be  consid¬ 
ered  in  interpreting  the  thickness  of  the  halo  in 
the  latter  case. 

A  lifetime  of  5  ms  provides  a  distinct 
limitation  on  the  particle  Identity.  For 
Instance,  it  is  Inconsistent  with  any  known  tran¬ 
sition  in  0,,  the  species  initially  suggested  as 
the  most  likely  candidate  for  the  emitter.  The 
forbidden  transitions  in  Oj  vary  in  lifetime  from 
0.15  s  for  ^g  ^  to  s  for 

07(8 *4-  ♦  XV),  80  8  V8*“e  5  ms  is  outside 

this  range.  Furthermore,  visible  emission  from 
metastable  07  produced  bv  surface  recombination 
will  be  blue  (Harteck  and  Reeves,  1964),  not  the 
red  or  orange  indicated  by  the  space  shuttle  and 
AE  satellite  data.  The  orange  glow  in  the  space 
shuttle  photographs  appears  to  be  the  true  color, 
since  limb  scans  taken  at  the  same  time  showed  a 
green  airglow,  the  characteristic  01  (5577)  green 
line. 

On  the  assumption  that  the  emitter  is  not 
Oj,  but  is  a  species  chemically  formed  by  oxygen 
atom  bombardment,  at  least  in  the  altitude  region 
where  Che  intensity  is  a  linear  function  of  the 
0(3P)  density,  then  the  most  llkelv  small  mole¬ 
cule  is  OH.  Although  positive  identification 
must  ultimately  come  from  spectroscopic  observa¬ 
tion,  the  evidence  that  can  be  marshalled  in  sup- 
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pore  of  this  Identification  Is  quite  compelling. 

In  the  first  place,  It  would  not  be  surpris¬ 
ing  to  find  OH  produced.  The  relative  energy  of 
the  oxygen  atoms  hitting  the  surface  is  5  eV,  and 
although  no  relevant  data  exist,  it  is  not  unrea¬ 
sonable  to  expect  Interaction  between  these  atoms 
and  adsorbed  water  and/or  C-H  bonds  in  the  con¬ 
struction  materials,  l.e. 

0(JP)*  +  H20(ads.)  ♦  OH  +  OH  (1) 

0( 3P )*  +  R-H  *  R-  +  OH  (2) 

In  the  gas  phase,  process  (1)  is  0.8  eV  endo¬ 
thermic,  and  process  (2)  is  roughly  thermo- 
neutral,  so  there  is  a  great  deal  of  excess 
energy  available.  OH  is  unique  among  diatomic 
molecules  in  the  fact  that  high  overtones  of  its 
vibration-rotation  spectrum  are  relatively 
intense.  These  bands  (the  Meinel  system)  are 
observed  in  the  red  spectral  region,  and  are 
extremely  strong  in  the  terrestrial  nightglow 
(Broadfoot  and  Kendall,  1968),  being  generated  by 
Che  reaction  between  H  and  0^.  The  emission  from 
that  reaction  commences  at  -  6000  A,  and  corre¬ 
sponds  to  a  high  level  of  vibrational  excitation 
(v  <.  9)  (Streit  and  Johnson,  1976]. 

If  we  hypothesize  that  the  atom-surface 
interaction  gives  a  similar  OH  vibrational  dis¬ 
tribution,  then  the  "spectrum"  is  consistent  with 
observations.  The  two  wavelengths  investigated 
by  Yee  and  Abreu,  6563  A  and  7320  A,  correspond 
to  the  6-1  and  8-3  OH  bands,  respectively.  The 
v  »  6  level  has  a  6  ms  radiative  lifetime,  the 
v  *  8  level  has  a  A  ms  lifetime  [Mies,  1974], 
values  that  neatly  bracket  the  lifetime  deduced 
bv  Yee  and  Abreu.  If  the  OH  vibrational  distri¬ 
bution  were  similar  to  that  from  the  H  +  reac¬ 
tion,  then  twice  as  much  intensity  would  be 
expected  at  7320  \  than  at  6563  A  (Streit  and 
Johnson,  1976),  approximately  as  observed. 

The  excellent  correlation  between  [0(JP)I 
and  light  intensity  down  to  160  km  suggests  that 
only  0(’P)  is  responsible  for  the  radiation. 

There  are,  however,  other  species  present,  the 
atmosphere  at  chat  altitude  being  basically  a 
three-component  svstem  -  0(JP),  N,,  02<  At 
250  km,  80%  of  the  particles  are  0(^P),  19%  are 
N2,  and  1%  are  02.  At  165  km,  50%  are  0(^P),  45% 
are  N2  and  5%  are  02.  Since  over  the  range  where 
N2  has  increased  from  19%  to  45%  the  intensity  is 
proportional  only  to  0(^P),  it  must  be  concluded, 
as  did  Yee  and  Abreu,  that  bombardment  of  the 
surface  by  9  eV  N2  molecules  does  not  contribute 
to  the  radiation,  i.e.  that  the  effect  is  not  an 
indiscriminate  energy  absorption  phenomenon. 

However,  below  165  km,  where  the  radiation 
scale  height  decreases,  it  becomes  very  similar 
to  the  N2  scale  height.  As  N2  is  apparently  not 
involved,  the  obvious  candidate  is  02,  which  is 
hitting  the  surface  with  10  eV  relative  energy, 
and  has  a  scale  height  even  smaller  than  that  of 
N2.  Since  there  is  much  less  02  than  0(^P),  the 
implication  is  that  OH  is  generated  much  more 
efficiently  by  10  eV  02  than  bv  5  eV  0(’P). 

Thus,  as  an  empirical  function,  it  would  be 
reasonable  to  try  the  relationship 

Intensity  -  K  l 0( 3P ) ]  +  A[021  (3) 

where  K  is  a  proportionality  constant  and  A  is 
the  factor  by  which  10  eV  02  generates  OH  more 


effectively  than  5  eV  0(^P).  The  data  presented 
by  Yee  and  Abreu  only  show  the  measured  0(}P)  and 
N2  profiles.  To  fit  equation  (3)  an  02  profile 
is  needed.  One  given  by  Ackerman  et  at.  (1974) 
was  selected,  since  in  that  work  an  profile  is 
also  given  which  exhibits  an  identical  scale 
height  to  that  of  Yee  and  Abreu.  The  02  data, 
obtained  by  UV  absorption  measurements,  extend  to 
190  km,  and  parallel  the  800  K  02  model  of 
Jacchia  (1971). 

The  data  of  Yee  and  Abreu  are  presented  in 
two  ways.  The  primarv  data  of  intensity  vs 
altitude  are  given  for  the  two  wavelengths,  then 
the  averaged  data  for  individual  altitudes  is 
presented,  at  approximately  every  two  kilometers. 
The  best  curves  drawn  through  the  primary  data  do 
not  give  a  line  exhibiting  the  abrupt  change  in 
slope  that  thev  have  drawn  through  their  averaged 
data,  so  we  have  chosen  to  fit  the  former. 

Fig.  1  shows  the  line  calculated  from  equa¬ 
tion  (3),  using  K  *  1.2  x  10”®  rayleighs  cm’  and 
A  »  4,  and  the  primary  data  points  of  Yee  and 
Abreu  1 1 98 2 ]  (their  Fig.  2a).  The  agreement  is 
satisfactory,  the  deviation  being  lareest  at  high 
altitude  where  the  error  bars  on  the  intensitv 
measurements  are  largest.  The  sensitivity  of  the 
line  to  the  choice  of  A  is  such  that  if  K  is 
adjusted  so  as  to  keep  the  high  altitude  inten¬ 
sity  constant,  then  varying  A  from  2  to  4  to  8 
causes  the  intensitv  at  140  km  to  increase  from 
320  to  410  to  580  rayleighs.  Thus,  the  form  of 
the  profile  can  be  reproduced  by  hypothesizing 
that  the  emitter  is  generated  by  surface  collis¬ 
ions  with  both  5  eV  0(^P)  and  10  eV  02>  the 
latter  being  approximately  four  times  as  effec- 


INTENSITY  (rayleighs) 

Fig.  1.  Comparison  of  Yee  and  Abreu  (198’) 

6563  A  Intensitv  ^s_  altitude  data,  and  0(^P)-0. 
model. 
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five  as  the  former.  It  Is  Interesting  to  note 
the  thermodvnaralc  equivalence  of  5  eV  0(*P)  and 
10  eV  O2,  since  the  O2  bond  strength  is  5  eV. 

The  shape  of  the  7320  A  data  Is  the  same  as 
that  taken  at  6563  A  over  all  but  the  lowest 
10  km  of  the  140-280  km  range.  It  would  be  ex¬ 
tremely  Interesting  to  make  measurements  down  to 
120-130  km.  In  order  to  be  certain  that  there  Is 
reallv  an  Increasing  1(7320 )/ 1( 6563)  ratio  below 
150  km,  perhaps  a  consequence  of  an  additional 
emission  feature  at  the  longer  wavelength. 
However,  It  Is  precisely  the  low  altitude  7320  A 
data  that  Yee  and  Abreu  analyzed  to  extract  the 
5  ms  lifetime  which  we  have  attributed  to  OH. 

It  Is  useful  to  make  a  radiative  efficiency 
calculation,  which  indicates  that  only  a  small 
fraction  of  the  collisions  between  surface  and 
particles  results  in  production  of  a  photon.  We 
take  190  km  as  a  reference  altitude,  where 
[ 0< 3P)J  •  4  x  10*  cm- \  At  a  velocity  of  r 
8  x  105  cm  s  —  * ,  the  0(5P)  flux  la  3.2  x  1015 
atoms  era-  sec-  .  With  the  20  A  bandwidth  7320  A 
filter,  approximately  5Z  of  the  8-3  band  can  be 
detected.  The  8-3  band  represents  0.21  of  the 
emission  from  0H(v  ■  8)  [Mies,  1974 j,  and  the 
v  *  8  level  represents  30X  of  the  Initial  distri¬ 
bution  of  vibrational  levels  In  OH,  according  to 
our  H  +  0-j  reaction  model  (Strelt  and  Johnson, 
1976).  Thus,  the  filter  detects  3  x  10-  of  the 
OH  produced.  At  190  km,  the  detected  Intensity 
Is  100  8,  which,  as  a  surface  brightness,  corre¬ 
sponds  to  1  x  10”  hv  cm-2  s-  .  Dividing  by 
3  x  10-'  gives  an  OH  production  rate  of  3  x  10* 2 
OH  cm-2  s-  ,  just  0.1Z  of  the  Ol^P)  flux.  As 
the  process  under  discussion  has  not  yet  been 
demonstrated  to  be  a  source  of  vl brat  tonal ly 
excited  OH,  It  Is  encouraging  that  It  is  not 
required  to  be  highly  efficient. 

To  calculate  the  total  radiation,  we  need  to 
Include  the  fact  that  all  the  OH  vibrational 
energy  is  lost  by  radiation,  l.e.  v  -  8 *6 *4 *2* 1*0 
is  the  main  sequence  from  v  •  8.  Thus,  each 
v  *  8  molecule  radiates  Its  total  energy, 

3.2  eV.  The  radiative  energy  is  then 
6.4  x  10* 2  eV  cm-2s-*  or  1  uw  cm-2,  produced 
principally  at  1-2  pm.  At  lower  altitudes,  the 
Yee  and  Abreu  data  indicate  that  this  figure 
exceeds  10  jw  cm-2. 

In  summary,  it  has  been  shown  that  the  OH 
Metnel  bands  are  a  tenable  Identification  for  the 
AE  satellite  and  space  shuttle  glows.  The  behav¬ 
ior  of  the  intensity  as  a  function  of  the  alti¬ 
tude  Is  consistent  with  a  model  In  which  OH  is 
elected  from  the  surface  bv  both  5  eV  0( ^ P )  atoms 
and  10  eV  molecules,  with  the  latter  being 
four  times  more  effective.  The  lifetime  of  the 
emitter  as  calculated  by  Yee  and  Abreu  is  in 
excellent  agreement  with  the  OH  radiative  life¬ 
times,  and  the  spectral  distribution  based  on  the 
two  wavelengths  thev  measured  is  as  expected  for 
highly  vlbrationally  excited  OH.  The  necessary 
efficiency  for  the  conversion  of  5  eV  0(^p)  to  OH 
is  only  10-5.  Finally,  the  spectral  cut-off  as 
observed  on  the  space  shuttle  Is  also  consistent 
with  OH  Melnel  bands. 

On  the  negative  side,  Torr  et  al.  (1977)  in 
their  initial  observations  of  this  phenomenon, 


claimed  that  a  similar  effect  existed  at  all 
wavelengths  that  they  measured,  between  3371  and 
7319  A.  This  Is  of  course  inconsistent  with  the 
space  shuttle  observations,  where  the  glow  Is 
definitely  orange-red.  However,  Yee  and  Abreu 
(1983)  have  now  quantified  the  photometric  inten¬ 
sities,  and  It  is  apparent  that  the  blue  and  uv 
radiation  is  much  weaker  than  that  In  the  red 
(and  could  In  principle  be  the  originally  surmis¬ 
ed  emission  from  recombining  oxygen  atoms).  The 
10  meter  glow  region  deduced  from  Yee  and  Abreu's 
calculations  Is  certainly  much  larger  than  shown 
in  the  space  shuttle  photographs:  a  photograph  of 
the  satellite  would  give  a  more  direct  comnar- 
lson.  The  ultimate  analvsis  of  these  glows  will 
eventually  come  from  spectroscopic  measurements. 
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Abstract.  It  is  shown  that  from  the 
appearance  of  certain  photographs  taken 
from  STS-5,  it  Is  possible  to  make  several 
useful  statements  about  the  production 
mechanism  of  the  visible  glow  around  the 
shuttle,  and  presumably  other  space  vehi¬ 
cles.  These  are:  1)  the  electronic  excita¬ 
tion  of  particles  in  the  gas  phase  by 
either  electrons  or  fast  neutrals  is 
probably  not  important,  2)  the  interaction 
of  thermal  atoms  and  molecules  with  the 
surfaces  does  not  generate  the  glow,  and  3) 
translational  energy  accommodation  of  fast 
particles  is  efficient  enough  Chat  a  single 
surface  collision  reduces  the  kinetic 
energy  below  the  threshold  for  glow  produc¬ 
tion.  There  is  no  glow  without  the  direct 
interaction  of  fast  particles  with  che 
surfaces,  and  the  sum  of  the  contributions 
of  the  three  above  processes  does  not 
exceed  14Z  of  the  observed  surface 
intensity. 

Discussion 

It  is  by  now  well  known  that  spacecraft 
glow  occurs  only  on  surfaces  facing  the 
direction  of  motion  of  the  vehicles  (the 
ram  direction)  [Yee  and  Abreu,  1983;  Mende, 
et  al.  1984).  Since  it  has  been  demonstra¬ 
ted  that  the  particle  density  is  higher 
than  ambient  by  at  least  two  orders  of 
magnitude  near  forward-facing  surfaces 
[Murphy,  et  al.  1983),  one  mav  initially 
conclude  that  either  emission  is  generated 
only  at  surfaces  struck  by  the  incoming  fast 
particles,  or  that  it  is  only  produced  in 
regions  where  the  density  is  relatively 
high. 

A  point  that  has  not  been  discussed  in 
the  literature  is  that  there  are  conditions 
under  which  these  two  effects  are  separable, 
that  is,  photographs  exist  that  show  regions 
of  high  pressure  which  are  not  struck  by 
fast  particles.  Figure  1  is  taken  from 
Mende,  et  al.  (1984),  and  shows  image- 
intensified  photographs,  taken  from  the  aft 
flight  deck  window,  of  the  vertical  stabi¬ 
lizer  and  port  rocket  pod  of  the  shuttle. 

The  particles  are  Impinging,  on  the  surfaces 
with  the  direction  of  motion  shown,  and  the 
critical  point  is  that  in  Figure  lb  there  is 
a  V-shaped  region  between  the  tail  and  the 
pod.  The  left  side  of  the  V  has  its  surface 
30  degrees  from  the  direction  of  the  par¬ 
ticle  flux,  and  shows  strong  emission,  while 
the  right  side  of  the  V,  with  its  surface 

This  paper  is  not  subject  to  U.R.  copyright. 
Published  in  1986  by  the  American  Geophysical 
Union. 

Paper  number  6L6035, 


parallel  to  the  particle  flux,  shows  no 
trace  of  emission.  It  is  Important  to  note 
that  the  rocket  pod  and  the  tail  are 
attached  to  each  other,  so  that  the  V  is 
real  and  not  an  optical  effect.  Since  the 
glow  on  the  tail  reaches  the  bottom  of  the 
V,  the  non-glowing  surface  is  not  shadowed, 
and  as  glows  have  been  detected  at  angles 
very  close  to  90“  [Mende  and  Swenson,  1985], 
the  appearance  of  Figure  lb  is  quite  consis¬ 
tent  with  the  particle  flux  being  parallel 
to  the  non-glowing  surface. 

On  other  photographs  where  the  tail  is 
parallel  to  the  ram  direction,  if  can  be 
argued  that  the  density  at  the  surface  is 
not  far  from  ambient,  but  in  Figure  lh  there 
is  a  non-glowing  surface  where  the  density 
is  clearly  the  same  as  it  is  near  the  adja¬ 
cent  glowing  region.  Tt  therefore  follows 
that  no  hypothesis  that  suggests  that  the 
glow  mechanism  involves  gas  phase  excitation 
can  be  valid,  since  the  region  above  the 
non-glowing  surface  Is  bombarded  by  incoming 
atmospheric  particles,  by  particles  ejected 
from  the  nearby  tail  surface,  and  bv  any 
charged  particles  that  may  be  generated. 

Recent  calculations  [Hueser  and  Brock, 
1985;  Rantanen,  et  al.  1985]  of  the  rela¬ 
tionship  between  density  and  distance  from 
spacecraft  surfaces  are  consistent  with 
observations,  indicating  pressures  above 
ambient  by  about  two  orders  of  magnitude  at 
shuttle  orbital  altitudes.  On  this  basis, 
it  has  been  suggested  that  gas  phase  pro¬ 
cesses,  at  densities  of  lO^-lO12  cm-’,  may 
be  responsible  for  the  glow  [Rantanen,  et 
al.  1985;  Green,  et  al.  1985).  This  possi¬ 
bility  appears  to  be  ruled  out  by  the  situa¬ 
tion  exemplified  in  Figure  lb,  at  least  for 
the  pertinent  altitude,  305  km.  At  lower 
altitudes,  for  example  below  160  km,  where 
Yee  and  Abreu  (1983)  have  reported  that  glow 
intensities  observed  from  the  Atmosphere 
Explorer  satellite  are  no  longer  propor¬ 
tional  to  the  oxvgen  atom  density,  gas  phase 
processes  may  play  a  role. 

An  hypothesis  has  been  put  forth  bv 
Papadopoulos  (1984)  that  spacecraft  glow  is 
at  least  in  part  a  plasma  phenomenon,  and 
that  electric  and  magnetic  fields  develop 
close  to  the  surfaces,  which  ultimately 
result  in  acceleration  of  electrons  to  tens 
of  eV,  and  at  these  energies,  the  particles 
that  have  been  swept  up  by  the  vehicle  can 
be  excited,  and  are  the  source  of  the 
glow.  Thus,  the  hypothesis  requires  that 
there  be  a  substantial  overpressure  on  the 
front  surfaces,  as  found.  However,  to 
explain  the  observation  in  Figure  lh,  where 
the  densities  near  the  apex  are  certainly 
comparable  on  both  sides  of  the  V,  it  then 
becomes  necessary  to  postulate  that  the 
charged  particles  are  only  to  he  found  on 
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Fig.  1.  Shuttle  Glow  on  Tall  Section, 
Mission  STS-5,  Altitude  -  305  km 


the  left  side  and  not  on  the  right  side.  It 
Is  difficult  to  give  credence  to  such  an 
Idea,  particularly  since  It  is  so  evident 
that,  at  constant  density,  It  Is  the 
Inclination  of  the  surface  to  the  ram 
direction  that  Is  the  critical  Issue. 
Although  there  may  he  a  component  of  the 
glow  that  Is  plasma-related,  It  would  appear 
to  be  minor. 

It  has  been  argued  many  times  that  the 
high  velocity  of  the  shuttle,  with  Its 
resultant  high  Impact  energy  of  atmospheric 
particles,  is  the  primary  source  of  space¬ 
craft  glow.  Since  the  particle  energies  are 
Invariant,  velocities  always  being  7.5-7.P  a 
103  cm/s  In  circular  low  earth  orbit,  It  is 
not  possible  to  determine  the  process 
thresholds.  From  Figure  lb,  we  can  at  least 
say  that  particles  at  thermal  energies  do 


not  give  the  glow.  This  Is  based  on  the 
supposition  that  the  composition  of  the 
atmosphere  collected  by  the  vehicle's  for¬ 
ward  surfaces  Is  expected  to  be  not  very 
different  from  ambient,  i.e.  90T  oxygen 
atoms  and  10Z  Nj  at  305  km,  the  orbiting 
altitude  of  STS-5.  Shuttle  tiles  (basically 
SIO2)  should  be  Inefficient  surfaces  for 
oxygen  atom  recombination.  With  only  some 
metals  and  metal  oxides  as  exceptions,  O 
atom  surface  recombination  coefficients  are 
in  the  10-3  -  10”  range  [Greaves  and 
Llnnett,  1959;  Kaufman,  1961)  so  a  large 
fraction  of  the  atoms  Impinging  on  the 
spacecraft  will  diffuse  away  from  It  without 
recombining.  It  therefore  follows  that  the 
thermallzed  oxygen  atoms  collected  In  the  V 
are  Ineffective  In  causing  shuttle  glow. 
Implying  that  the  translational  energy  of 
the  atoms  (or  molecules)  Is  In  fact  required 
in  the  glow-generating  process,  although 
nothing  can  be  said  about  the  threshold. 

The  absence  of  glow  on  the  Inside  surface  of 
the  pod  In  Figure  lb  Is  also  an  Indication 
that  translational  energy  acconmodat ion  Is 
fairly  complete,  or  at  least  that  particles 
bouncing  off  the  glowing  surfaces  have 
retained  Insufficient  energy  to  generate 
glow  on  the  right  side  of  the  V. 

The  suggestion  has  been  made  that  the 
role  of  translational  energy  in  the  Incomln? 
particles  may  be  to  prepare  sur'ice  sites 
for  processes  that  subsequently  take  place 
at  thermal  energies  [Kofsky  and  Rarrerr, 
1985).  Conceivably  such  a  condltlonine 
process  could  be  operative  on  spacecraft, 
but  difficult  to  observe  In  the 
laboratory.  However,  Figure  lh  makes  sue* 
an  hypothesis  somewhat  questionable.  T*-e 
non-glowing  surface  had  been  glowlnr  two 
minutes  prior  to  the  taking  of  the  picture, 
as  shown  In  Figure  la,  while  the  shuttle 
slowly  rotated  about  Its  principal  axis  at 
25°  per  min.  Furthermore,  since  In  Figure 
la  there  Is  a  bright  glow  on  the  tall  when 
it  Is  within  10°  of  being  parallel  to  the 
ram  direction,  one  may  conclude  that  the 
interior  pod  surface  was  glowing  within  2A  s 
of  the  taking  of  the  picture  In  Figure  lb. 
Since  there  Is  no  discernible  glow  on  that 
surface,  It  seems  that  the  "decondl t toning 
lifetime"  must  be  on  the  order  of  10  s  or 
less.  As  a  monolayer  consists  of  10^  atoms 
cm”  ,  a  flux  of  surface  deconditioner  of  at 
least  1014  particles  cm-^  s~*  Is  required 
for  complete  coverage.  Surface  migration  to 
active  sites  mav  make  the  necessarv  decondi¬ 
tioning  flux  considerably  smaller  than  this, 
but  It  is  difficult  to  Imarlne  anv  gas 
phase-surface  interaction  proceeding  at  even 


IT  of  this  value  (It  Is  assumed  that  the 
ambient  0(3P)-N2  atmosphere  does  not  con¬ 
tribute  to  surface  poisoning).  On  the  other 


hand.  If  surface  deactivants  arise  fron 
upwelling  of  material  from  the  interior  of 
the  tiles,  which  have  a  very  large  absorp¬ 
tive  capacity,  then  It  Is  not  possible  to 
disprove  the  concept  of  site  preparation 
without  further  testing.  Tt  should  be 
pointed  out  that  Ranks,  et  al.  (1983) 
reported  that  there  was  no  evidence  for  a 
time  delay  In  glow  extinction  on  STR-3  as 
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shuttle  surfaces  rotated  out  of  ram,  hut  the 
rate  of  rotation  (8°/mln)  was  so  slow  that 
our  deconditioning  lifetime  estimate  can  not 
thereby  be  decreased. 

Finally,  one  may  obtain  a  value  for  the 
extent  of  the  glow  from  Figure  lb.  Detailed 
calculations  have  been  made  by  both  Yee  and 
Dalgarno  (1983)  and  by  Mende  and  Swenson 
(1985),  Indicating  an  e-folding  distance 
from  the  tail  glow  of  20  cm,  the  complexity 
In  the  analysis  being  the  fact  that  the  line 
of  sight  Is  not  parallel  to  the  surface. 
Thus,  part  of  the  apparent  thickness  Is  just 
due  to  the  fact  that  the  flat  portion  of  the 
tall  Itself  Is  being  observed.  When  the 
glow  Is  weak  or  unampllfled,  as  In  the 
earliest  shuttle  photographs  [Banks,  et  al. 
1°8',]>  It  does  not  appear  to  extend  beyond 
the  surface  at  all;  this  Is  a  geometric  and 
film  sensitivity  effect. 

By  the  simple  expedient  of  overlaying  a 
photograph  of  the  tall  and  pod  structure, 
seen  In  reflected  light  (Figure  lc),  over 
the  photograph  showing  the  glow,  an  estimate 
of  the  thickness  can  be  made.  The  dotted 
line  In  Figure  lb  shows  the  outline  of  the 
structural  features,  and  the  excess  thick¬ 
ness  gives  the  extent  of  the  glow.  The  dis¬ 
tance  from  the  tall  mid-line  to  the  top  of 
the  rocket  pod  Is  2.2  meters,  giving  a  glow 
thickness  of  40  cm.  This  Is  of  course  not 
an  e-fold  distance,  but  the  maximum  distance 
over  which  glow  can  be  observed  with  this 
particular  optical  arrangement.  For  a  20  cm 
e-fold  distance,  the  Intensity  at  40  cm  Is 
less  than  the  surface  Intensity  by  a  factor 
of  7.  This  Is  a  reasonable  film  dynamic 
range,  and  suggests  that  there  Is  little 
problem  with  film  blooming  or  scattering  of 
light  In  the  optical  elements  of  the  record¬ 
ing  system. 

The  factor  of  7  thereby  defines  the  terra 
"lack  of  emission"  as  It  pertains  to  the 
right  side  of  the  V  In  Figure  lb.  The 
undlscerned  emission  on  the  apparently  non¬ 
glowing  part  of  the  V  could  have  an 
Intensity  as  great  as  14Z  of  the  surface 
Intensity  on  the  vertical  stabilizer.  This 
means  that  It  cannot  at  present  be  disproved 
that  the  various  suggested  glow  sources  that 
we  have  discussed  and  set  aside  do  not 
contribute,  up  to  this  limit,  to  the  overall 
Intensity. 

Summary 

Although  there  Is  still  considerable  con¬ 
troversy  about  the  emltters(s)  causing 
soacecraft  glow,  we  deduce  from  existing 
photographs  of  the  shuttle  glow  on  tile 
surfaces  that  It  Is  not  a  plasma  phenomena, 
that  It  does  not  Involve  gas  phase 
excitation,  that  It  does  not  take  place  with 
thermallzed  particles,  that  there  Is  some 
doubt  that  surface  conditioning  by  fast  par¬ 
ticles  can  be  Important,  and  that  direct 
Interaction  of  fast  particles  with  surfaces 
Is  the  primary  source  of  the  emitting 
species. 
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